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THE  SESQUICENTENNIAL  OF  THE  FIRST  CRYSTAL  PLATE  EQUATIONS 


R.  D.  MINDLIN 

Professor  Emeritus,  Columbia  University 
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Abstract 


1821 


1829 


1852 


1979  marks  the  one  hundred  and  fiftieth  an¬ 
niversary  of  Cauchy's  differential  equations  of 
motion  of  crystal  plates.  In  this  talk,  the  main 
developments  which  preceded  and  followed  Cauchy's 
contribution  are  reviewed;  beginning  with  those 
of  Galileo  on  the  strength  of  beams,  in  1638,  and 
three  generations  of  the  Bernoulli  family  from 
Jacques,  in  1691,  on  the  equation  of  the  elastica, 
to  his  great-nephew  of  the  same  name  who  publish¬ 
ed  the  first  attempt  at  equations  of  flexure  of 
plates  -  1788.  Included  in  the  contributions 
stemming  from  the  Bernoulli's  was  Daniel  Bernoulli's 
addition  of  the  acceleration  term  to  the  beam  e- 
quation,  in  1735,  and  a  variational  derivation 
by  Leonhard  Euler  -  at  one  time  a  fellow  student, 
with  Daniel,  under  the  tutelage  of  Daniel's  fath¬ 
er  Jean.  The  1788  equation  of  flexure  of  iso¬ 
tropic  plates,  by  Daniel's  nephew  Jacques,  was 
improved  during  1811-1816  by  Germain  and  Lagrange 
and,  finally,  the  correct  derivation  was  produced 
by  Navier  in  1820  -  the  year  before  he  presented 
his  invention  of  the  general,  three-dimensional, 
equations  of  elasticity  from  which,  after  some  im¬ 
provement,  Cauchy  deduced  the  equations  of  motion 
of  crystal  plates.  Cauchy's  equations,  as  we  now 
know,  are  limited  in  application  to  very  low  fre¬ 
quencies.  Extensions  of  his  equations  to  higher 
frequencies  did  not  appear  until  more  than  a  cen¬ 
tury  later  -  influenced  by  the  intervening  work 
of  Rayleigh  and  Lamb  in  1889,  Lamb  in  1917  and 
Timoshenko  in  1921.  The  isolated  paper  by  Ekstein, 
in  1945,  was  followed  by  a  great  flood  of  contri¬ 
butions  starting  in  1951.  Beginning  in  1956,  most 
of  the  new  advances  were  published  in  the  Pro¬ 
ceedings  of  these  Annual  Symposia  on  Frequency 
Control  -  many  of  the  contributions  by  authors 
whose  names  appear  in  these  Proceedings-.  ^  .^<5 

'The  following  is  an  annotated  bibTTogra 
'for  readers  interested  in  further  study  of  the 
history  of  the  theory  of  plates.  1864 


1859 
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1638  Gal i leo  Gal i 1 e i ,  "Discorsi  e  Dimonstrazioni 
Matematiche,  intorno  a  due  nuove  scienze", 
in  Leida,  Appresso  gli  Elfevirii,  1638.  Eng¬ 
lish  translation  by  H.  Crew  and  A.  de  Salvio: 
"Dialogues  Concerning  Two  New  Sciences", 
Macmillan,  New  York,  1914.  The  two  new 
sciences  weie  those  of  motion  and  of  streng¬ 
th  of  materials. 


1798  P.  S.  Girard,  "Traite  analytique  de  la  re¬ 
sistance  des  solides  et  des  solides  d'egal® 


resistance",  Paris  1798.  The  first  book  on 
strength  of  materials;  contains  a  historical 
introduction  of  47  pages. 

C.  L.  M,  H.  Navier,  Memoire  sur  les  lois  de 
1'equilibre  et  du  mouvement  des  corps  solides 
elastique",  Presented  to  the  Academy  of 
Sciences  on  May  14,  1821,  published  1827. 

First  paper  on  the  mathematical  theory  of 
elasticity. 

A.  L.  Cauchy,  "Sur  1'equilibre  et  le  mouve- 
ment  d  une  plague  elastique  dont  l'elasticite 
n'est  pas  la  metne  dans  tous  les  sens",  Exercices 
de  Mathematiques,  Quatri&me  Annee,  Bure 
Freres,  Paris  1829;  Oeuvres,  Ser.  2,  Vol  9, 
pp  9-22.  First  two-dimensional  equations  of 
motion  of  anisotropic  plates  (deduced  from  the 
three-dimensional  equations  and  limited  to 
low  frequencies). 

G.  Lame,  "Lecons  sur  la  theorie  mathfcmatique 
de  T'feVasticiw  des  corps  solides",  Gauthier- 
Villars,  Paris,  1852.  The  first  book  on  the 
mathematical  theory  of  elasticity.  Contains 
the  solution  for  the  equivoluminal  modes  of 
vibration  of  rectangular  parallelepipeds  with 
all  faces  traction-free,  (rediscovered  al¬ 
most  100  years  later  by  A.  Sommerfeld,  see 
below.)  Lame  exhibits  other  solutions  for 
vibrations  of  rectangular  parallelepipeds, 
but  the  faces  are  not  traction -free.  All  the 
solutions  are  for  isotropic  materials. 

J.  A.  C.  Bresse,  "Cours  de  mecanique  appli- 
qu6e",  Premi&re  Partie,  Mallet-Bachelier, 

Paris,  1859.  Contains  the  equations  of  mo¬ 
tion  of  curved  bars  including  terms  for  ro¬ 
tatory  inertia  and  transverse  shear  deforma¬ 
tion.  Overlooked  for  almost  100  years.  See 
Timoshenko,  below. 

Saint  Venant-Navier,  "Resume  des  lemons 
donnge  &  1 '§coles  des  ponts  et  chaussees — " 
Troisieme  edition,  avec  des  notes  et  des 
appendices  par  M.  Barre  de  Saint-Venant, 

Dunod,  Paris,  1964.  Saint-Venant's  ten-fold 
expansion  of  Navier's'Lejons".  Contains  a 
227  page  historical  introduction.  Section 
53  of  the  introduction  covers  the  develop¬ 
ment  of  equations  of  vibrations  of  strings 
and  blades  by  Taylor,  Daniel  Bernoulli  and 
Euler.  Section  59  does  the  same  for  iso¬ 
tropic  membranes  and  plates  (low  frequencies) 
by  Euler,  Jacques  Bernoulli,  Germain,  Lagrange, 
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Poisson  and  Navier. 


1883  Saint-  Venant-Clebsch,  "Theorie  de  I'&lasti- 

cite  des  corps  solidei  de  Olebsch . 

avec  des  notes  etendues  de  M.  de  Saint- 
Venant",  Dunod,  Paris  1883.  Saint  Venant's 
three-fold  expansion  if  A.  Clebsch's  "The¬ 
orie  der  Elasticitat  Tester  Korper",  B.  G. 
Teubner,  Leipzig,  ib-'’.  Contains  Saint 
Venant's  64  page  "Note  Finale  due  §  73:  The¬ 
orie  de  la  flexion  et  des  autres  petites  de¬ 
formations  des  plaques  elastigues  planes 
minces,  tiree  directment  des  equations  dif- 
ferentielles  gen£rales  de  l'iquilibre  d'elas- 
ticite  des  solides."  See  Cauchy,  above. 

1886  I.  Todhunter  and  K.  Pearson,  "A  History  of 
the  Theory  of  Elasticity  and  of  the  Strength 
of  Materials  from  Galilei  to  the  Present 
Time,  Vol.  1,  Galilei  to  Saint-Venant  1639- 
1850",  Cambridge,  1886. 

1889  Lord  Rayleigh,  "On  the  Free  Vibrations  of 
an  Infinite  Plate  of  Homogeneous,  Isotropic, 
Elastic  Matter",  Proc.  London  Mathematical 
Society,  Vol.  20,  1889,  pp  225-234.  Deri¬ 
vation  of  the  transcendental  equation  re¬ 
lating  frequency  and  wave-length.  Analyzes 
only  the  long  wave,  low  frequency  limit. 

1890  H.  Lamb,  "On  the  Flexure  of  an  Elastic 
Plate",  Proc.  London  Mathematical  Society, 

Vol .  21 ,  1890,  pp  70-90.  In  a  paper  on  the 
old  controversy  of  three  versus  two  boundary 
conditions  in  classical  plate  theory,  he  re- 

that  he  had  obtained  Rayleigh's  solu¬ 
tion  more  than  a  year  before. 

1892  A.  E.  H.  Love,  "A  Treatise  on  the  Mathe¬ 
matical  Theory  of  Elasticity",  Vol.  1, 
Cambridge,  1892.  Contains  a  34  page  his¬ 
torical  intioduction. 

1917  H.  Lamb,  "On  Waves  in  an  Elastic  Plate". 

Proc.  Royal  Society,  London,  Series  A,  Vol. 
93,  1917,  pp.  114-128.  An  elegant  deriva¬ 
tion  of  the  Rayleigh-Lamb  frequency  equation. 
Includes  some  study  of  the  higher  modes. 

1921  S.  Timoshenko,  "On  the  Correction  for  Shear 
of  the  Differential  Equations  for  Transverse 
Vibrations  of  Primatic  Bars",  Philosophical 
Magazine,  Series  6,  Vol.  41,  pp.  774-746. 
Rediscovery  of  the  Bresse-type  equations. 

1945  jl.  Ekstein,  "High  Frequency  Vibrations  of 
Thin  Crystal  Plates",  Physical  Review,  Vol. 
68,  1945,  pp.  11-23.  Derivation,  within  the 
framework  of  the  three-dimensional  theory, 
of  the  transcendental  equation  relating  fre¬ 
quency  to  wave-length  for  anisotropic  plates 
of  the  type  of  rotated-Y-cuts  of  quartz. 
Analysis  of  the  branch  at  the  fundamental 
thickness-shear  cut-off  frequency. 

1945  E.  Reissner,  "The  Effect  of  Transverse 
Shear  Deformation  on  Bending  of  Elastic 
Plates",  Journal  of  Applied  Mechanics,  Vol. 


12,  1945,  pp.  69-77.  Static  equations  for 
isotropic  plates.  Aimed  at  extending  two  di¬ 
mensional  stress-concentration  problems  to 
thick  plates. 

1947  A.  Sommerfeld,  "Spezielle  Losungen  des  Pro- 
blems  der  elastischen  Eigenschwingungen  beim 
Quader  und  Wiirfel",  S.  -B.  Math.  -Nat.  Abt. 
Bayerische  Akad.^Wiss. ,  1947,  pp.  81-88.  Re¬ 
discovery  of  Lame  modes. 

1948  Y,  S.  Uflyand,  "The  Propagation  of  Waves  in 
Transverse  Vibrations  of  Bars  and  Plates", 

P.  M.  M.,  Vol.  12,  1948,  pp  287-300.  Early 
work  on  isotropic  plates  including  rotatory 
inertia  and  transverse  shear  deformation. 

1951  A.  N.  Holden,  "Longitudinal  Modes  of  Elastic 
Waves  in  Isotropic  Cylinders  and  Slabs",  Bell 
System  Technical  Journal,  Vol.  30,  No.  4, 

Part  1,  1951,  pp.  956-969.  Contains  the  be¬ 
ginning  of  a  detailed  study  of  a  family  of 
the  higher  branches  of  the  Rayleigh-Lamb 
frequency  equation  for  the  infinite,  iso¬ 
tropic  plate. 

1951  R  D.  Mindlin,  "Thickness-shear  and  Flexual 
Vibrations  of  Crystal  Plates",  Journal  of 
Applied  Physics,  Vol.  22,  1951,  pp.  316-323. 
Extension  of  the  Bress-Timoshenko  beam  equa¬ 
tions  to  include  anisotropic  plates.  Includes 
an  application  to  an  AT-cut  quartz  plate  with 
a  pair  of  free  edges. 

1952  R.  D.  Mindlin,  "Forced  Thickness-shear  and 
Flexural  Vibrations  of  Piezoelectric  Crystal 
Plates",  Journal  of  Applied  Physics,  Vol.  23, 
1952,  pp.  83-88.  Extension  of  the  results 

in  the  preceding  paper  to  include  piezo¬ 
electric  terms. 

1956-1979:  Proceedings  of  the  Annual  Symposia  on 
Frequency  Control.  Most  of  the  developments 
of  new  equations  of  motion  of  plates  and  new 
solutions  appear,  or  are  referred  to,  in 
these  Proceedings. 
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Summary 

In  this  centennial  year  of  the  birth  of  Albert 
Einstein,  it  is  fitting  to  review  the  revolutionary 
and  fundamental  insights  about  time  which  he  gave 
us  in  the  Restricted  Theory  of  Relativity  (1905) 
and  in  the  conseqences  of  the  Principle  of  Equiv¬ 
alence  ("...The  happiest  thought  of  my  life...") 
which  he  developed  (1907-1915)  into  his  theory  of 
gravity  as  curved  space-time,  the  General  Theory  of 
Relativity. 

It  is  of  particular  significance  that  the  ex¬ 
traordinary  stability  of  modern  atomic  clocks  has 
recently  allowed  the  experimental  study  and  accur¬ 
ate  measurement  of  these  basic  effects  of  motion 
and  gravitational  potential  on  time.  Experiments 
with  aircraft  flights  and  laser  pulse  remote  time 
comparison  (Alley,  Cutler,  Reisse,  Williams,  et  al, 
1975)  nnd  an  experiment  with  a  rocket  probe 
(Vessot,  Levine,  et  al,  1976)  are  briefly  des¬ 
cribed. 

Proper  understanding  and  allowance  for  these 
remarkable  effects  is  now  necessary  for  accurate 
global  time  synchronization  using  ultrastable 
clocks,  transported  by  aircraft,  and  for  the  cor¬ 
rect  operation  of  navigational  systems  such  as  the 
NAVSTAR/Global  Positioning  System. 

Introduction 

It  is  an  honor  to  be  asked  to  review  the  sub¬ 
ject  of  relativity  and  clocks  for  the  33rd  Frequen¬ 
cy  Control  Symposium  in  this  centennial  year  of  the 
birth  of  Albert  Einstein  which  occurred  in  Ulm, 
Germany  on  March  14,  1879.  I  am  pleased  to  attempt 
a  brief  summary  of  the  subject. 

The  plan  is  to  recall  first  some  of  the  signi¬ 
ficant  events  in  Einstein's  intellectual  life  by 
showing  his  photographs  at  various  ages.  Next,  the 
restricted  ("special")  theory  of  relativity  (re¬ 
stricted,  that  is,  to  inertial  frames  of  reference) 
will  be  sketched,  followed  by  the  implications  of 
the  Principle  of  Equivalence  that  gravity  curves 
light  beams  and  affects  the  rate  of  clocks,  the 
clues  that  led  to  the  idea  of  gravity  as  curved 
space-time,  the  General  Theory  of  Relativity.  Re¬ 
cent  experiments  which  have  been  able  to  measure 
and  study  some  of  the  effects  of  motion  and  gravity 
on  time  will  be  briefly  described.  Finally,  the 
practical  matter  of  including  relativity  in  modern 
clock  synchronization  and  navigational  systems  will 


be  mentioned. 

The  international  timekeeping  community  should 
take  great  pride  in  the  fact  that  the  great  stabil¬ 
ity  of  contemporary  atomic  clocks  requires  the 
first  practical  applications  of  Einstein's  General 
Theory  of  Relativity.  This  circumstance  can  be  ex¬ 
pected  to  produce  a  better  understanding  among 
physicists  and  engineers  of  the  physical  basis  of 
gravity  as  curved  space-time.  For  slow  motions  and 
weak  gravitational  fields,  such  as  we  normally  ex¬ 
perience  on  the  earth,  the  primary  curvature  is 
that  of  time,  not  space.  A  body  falls,  according 
to  Einstein's  view,  not  because  of  the  Newtonian 
force  pulling  it  to  the  earth,  but  because  of  the 
properties  of  time:  clocks  run  slower  when  moving 
and  run  faster  or  slower,  the  higher  or  lower  re¬ 
spectively  they  are  in  the  earth's  gravity  field. 


Some  Events  in  Einstein's 
Intellectual  Development 

Figure  ,1  shows  Einstein  in  his  study  in  Bei  lin 
several  years  after  he  had  brought  the  General 
Theory  of  Relativity  to  its  complete  form  in  1915. 
He  always  regarded  this  theory  as  his  major  accom¬ 
plishment,  although  his  other  outstanding  contribu¬ 
tions  to  physics  would  place  him  among  the  greatest 
physicists  of  this  century  even  without  the  General 
Theory.  His  stature  as  a  scientist  and  his  charac¬ 
ter  as  a  man  are  appropriately  symbolized  in  the 
cartoon  of  Herblock  which  appeared  in  The  Washing¬ 
ton  Post  shortly  after  his  death  on  April  18,  1955. 
(Figure  2) .  This  drawing  is  included  here  for  an 
puditional  reason. 

Imagine  someone  observing  the  Earth  from  the 
position  of  Herblock ‘s  observer,  taken  to  be  a 
space  ship  far  removed  from  the  solar  system, 
located  among  the  nearby  stars  but  at  great  dis¬ 
tances  from  each  of  them,  not  moving  with  respect 
to  the  Sun,  and  equipped  with  standard  cesium 
atomic  clocks  with  which  to  measure  time.  This 
observer  is  clearly  aware  of  Einsteinian  time.  The 
one  hundred  years  which  have  elapsed  on  Earth  since 
Einstein’s  birth  would  be  recorded  by  the  Herblock 
observer  to  be  about  56  seconds  longer  due  to  the 
effects  of  gravitational  potential  difference  (29 
seconds  from  the  Sun’s  potential  and  c2  seconds 
from  the  Earth's  potential)  and  orbita'  motion  of 
the  Earth  (cl5  seconds).  In  the  next  section,  I 
wish  to  recall  and  explain  these  fundamental  ef¬ 
fects  on  time  which  Einstein  originally  revealed  to 
us  by  pure  thought. 
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To  continue  with  Einstein's  life.  Figure  3 
shows  his  earliest  known  picture  at  the  age  of 
about  5.  This  is  when  he  first  saw  a  magnetic 
compass  and  began  to  wonder  about  its  behavior. 
Figure  shows  him  in  elementary  school  in  Munich 
at  the  age  of  10.  He  is  second  from  the  right  in 
the  front  row.  Figure  5_  shows  him  at  the  age  of 
14.  He  had  begun  to  read  Euclidean  Geometry  two 
years  earlier  and  a  year  later  was  to  become  a 
high  school  dropout  because  of  dissatisfaction 
with  the  methods  of  teaching  in  his  Munich  gym¬ 
nasium.  He  spent  a  happy  year  in  Northern  Italy 
where  his  family  had  moved,  travelling  and  con¬ 
tinuing  his  own  studies.  At  the  age  of  16,  he 
attempted  to  enroll  in  the  Swiss  Federal  Institute 
of  Technology  (Eidgenossische  Technische 
Hochschult)  in  Zurich,  but  failed  the  entrance  ex¬ 
amination  overall,  although  he  impressed  the  exami¬ 
ners  with  his  knowledge  and  ability  in  physics 
and  mathematics.  These  examiners  recommended  that 
he  spend  a  year  in  the  high  school  in  Aarau, 
Switzerland,  and  then  enter  the  ETH,  since  no  en¬ 
trance  examination  was  required  of  graduates  of 
Swiss  secondary  schools.  Figure  6  shows  the  16 
year  old  Albert  Einstein  (far  right,  first  row)  in 
the  Aarau  classroom  of  an  excellent  teacher,  Dr. 
Jost  Winteler.  It  was  during  this  period  that 
Einstein  began  to  think  about  what  a  beam  of  light 
would  look  like  if  somehow  he  were  able  to  move 
fast  enough  to  catch  up  with  it.  Figure  ]_  shows 
him  as  a  student  at  the  ETH  in  Zurich,  where  he 
succeeded  in  disappointing  and  alienating  his 
professors  by  attending  the  required  classes  only 
sporadically  while  pursuing  independent  studies. 

(He  particularly  liked  to  spend  time  in  the  elec¬ 
tricity  and  magnetism  laboratory  and  in  the  study 
of  Maxwell's  Theory  of  the  electromagnetic  field, 
which  was  not  then  taught  at  the  ETH) .  He  passed 
the  few  required  examinations  only  with  the  help 
of  his  friend,  Marcel  Grossmann,  who  was  a  model 
student,  attending  lectures  and  taking  careful 
notes,  which  he  lent  to  Einstein.  The  famous 
mathematician,  Hermann  Minkowski,  who  lectured  at 
the  ETH  and  later  contributed  the  geometrical  ^ 
point  of  view  to  space-time  and  relativity,  said, 
on  learning  of  Einstein's  1905  paper  on  restricted 
relativity,  "Oh,  that  Einstein,  always  missing 
lectures  -  I  really  would  not  have  believed  him 
capable  of  it!"  On  another  occasion,  he  referred 
to  Einstein  as  "a  lazy  dog". 

Because  of  these  attitudes,  which  seem  to 
have  been  shared  by  other  members  of  the  faculty, 
Einstein  could  not  obtain  an  academic  position  or 
a  permanent  job  cf  any  sort  for  about  a  year  and 
a  half  after  he  graduated.  (As  a  teacher  in  a 
university,  I  reflect  often,  when  looking  at  these 
pictures  of  Einstein  during  his  student  years,  how 
easy  it  is  to  completely  misjudge  a  student's  true 
abilities.  Conventional  teaching  in  universities 
has  changed  little  since  Einstein's  student  days, 
and  we  have  yet  to  react  to  his  criticisms.  A 
recent  essay  by  Martin  Klein-  on  Einstein  and  the 
Academic  Establishment  is  particularly  pertinent 
as  are  Einstein's  own  essays  on  education-*). 

Finally,  his  good  friend  Marcel  Grossmann  pre¬ 
vailed  on  Grossmann 's  father  who  was  acquainted 
with  the  director  of  the  Swiss  Patent  Office  in 
Bern  to  intercede  and  obtain  an  interview  for 


Einstein.  This  led  to  employment  there  for  seven 
fruitful  years  from  1902  until  1909.  He  had  a  nat¬ 
ural  aptitude  for  evaluating  the  feasibility  of  the 
patent  applications,  leaving  time  and  energy  to 
wonder  about  physics.  Often  in  later  life  when 
asked  for  advice  by  young  scientists,  he  would  rec¬ 
ommend,  with  his  experience  at  the  patent  office  in 
mind,  that  they  not  be  dependent  for  their  liveli¬ 
hood  on  the  production  of  scientific  results  be¬ 
cause  of  his  concern  with  the  corrupting  influence 
of  the  need  to  be  successful.  In  Figure  j),  he  is 
shown  at  the  age  of  26  at  his  desk  at  the  Patent 
Office  in  the  year  1905  when  he  published  three 
remarkable  papers  in  the  Annalen  der  Physik:  One 
introducing  the  light  quantum  into  physics,  one 
discussing  the  theory  of  the  Brownian  Motion  and 
providing  the  clinching  argument  for  skeptics  of 
the  existence  of  atoms,  and  the  third,  "On  the 
Electrodynamics  of  Moving  Bodies,"  containing  his 
revolutionary  insight  about  the  relative  nature  of 
simultaneity  and  the  non-absolute  nature  of  time, 
the  fundamental  key  to  his  restricted  theory  of 
relativity.  About  his  years  at  the  Patent  Office, 
and  Marcel  Grossmann 's  help  in  obtaining  the  posi¬ 
tion,  he  wrote  in  a  letter  of  condolence  to  Gross- 
mann's  widow  in  1936,  "...This  saved  my  life;  not 
that  I  would  have  died  without  it,  but  I  would  haee 
been  intellectually  stunted",  and,  in  the  last  year 
of  his  life,  "The  greatest  thing  that  Marcel  Gross¬ 
mann  did  for  me  as  a  friend".  There  was,  however, 
a  third  major  thing  that  Grossmann  did  for 
Einstein.  When  he  needed  to  learn  differential 
geometry  and  the  tensor  calculus  in  order  to  give 
mathematical  form  to  his  idea  of  gravity  as  curved 
space-time,  he  turned  to  Grossmann  who  had  special¬ 
ized  in  the  subject  and  was  a  member  of  the  faculty 
of  mathematics  at  the  same  ETH  in  Zurich  when 
Einstein  was  a  member  of  the  physics  faculty  there 
from  1912  to  1914.  Figure  9  shows  Einstein  in  a 
playful  mood  at  the  California  Institute  of  Technol¬ 
ogy  in  the  early  1930 's  while  Figure  10  shows  him 
at  the  Institute  for  Advanced  Study  in  Princeton 
where  he  spent  the  last  twenty-two  years  of  his 
life. 

If  these  tidbits  have  stimulated  you  to  want 
to  learn  more  about  Einstein's  life,  there  is  no 
better  book  to  begin  with  than  the  brilliant  bio¬ 
graphy  by  Professor  Banesh  Hoffmann,  Albert 
Einstein ,  Creator  and  Rebel. l>  Many  of  the  facts 
stated  above,  along  with  many  of  the  photographs, 
were  taken  from  this  book.  It  has  the  added  virtue 
of  explaining  Einstein's  physics  in  a  particularly 
clear  way.  Some  of  the  remarks  in  the  next  sec¬ 
tions  of  this  talk  follow  the  approach  of  Hoffmann. 


Brief  Review  of  Restricted 
("Special")  Relativity 

This  review  will  be  much  too  concentrated  for 
those  people  who  may  be  encountering  the  ideas  for 
the  first  time.  However,  I  shall  assume  that  most 
people  in  this  audience  have  had  some  prior  contact 
with  the  subject  so  that  we  can  recall  the  funda¬ 
mental  concepts  quickly. 

The  restriction  is  to  reference  systems  which 
move  with  respect  to  one  another  with  constant 
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velocity,  and  in  any  one  of  which  a  body  at  rest 
remains  at  rest  and  a  freely  moving  body  moves  in 
a  straight  line  -  the  so-called  Inertial  systems. 
The  adjacent  diagram  shows  the  conventional  repre- 


his  time  at  the  Patent  Office,  he  sat  bolt  upright 
in  bed  with  the  realization  that  time  is  not  absol¬ 
ute.  The  situation  described  is  only  "apparently 
irreconcilable".  The  simultaneity  of  separated 
events  is  relative  to  the  inertial  observer.  Dif¬ 
ferent  inertial  observers  will  not  agree  on  whether 
two  spatially  separated  events  are  simultaneous. 

For  some  observers,  they  may  be  simultaneous,  but 
other  observers  will  not  even  agree  on  which  event 
occurs  before  the  other.  This  fundamental  realiza¬ 
tion  about  time  has  had  profound  consequences  for 
all  of  physics! ! 

Einstein's  Prescription  for  Comparison  of  Time 
(Clock  Readings)  for  Separated  Events 

The  following  illustration  shows  Einstein’s 
prescription  for  time  comparison  and  affords  the 
opportunity  of  introducing  space-time  diagrams: 


sentation  of  two  such  systems  in  relative  motion. 
A  fundamental  postulate  is  that  the  laws  of  phy¬ 
sics,  electromagnetism  and  all  other  parts  of 
physics,  as  well  as  dynamics,  are  to  be  the  same 
in  every  inertial  system.  This  has  the  conse¬ 
quence  that  no  experiment  carried  out  within  an 
inertial  system  can  distinguish  it  from  any  other 
such  system.  This  is  the  restricted  (special) 
Principle  of  Relativity. 


The  second  fundamental  postulate  which  Ein¬ 
stein  identified  had  to  do  with  the  velocity  of 
light  in  empty  space. g  Light  tiavels  with  a  defi¬ 
nite  speed  (c  -  3  x  10  meters  per  second)  for 
every  inertial  observer  which  does  not  depend  on 
the  motion  of  its  source. 

These  two  postulates  appear  to  be  hopelessly 
in  conflict.  Consider  the  two  inertial  systems 
illustrated,  each  of  which  has  a  light  source  at 


B 


- - -  speed  v 

(  *  ) — *  r—  relative 

- 1  fQ  A 


x(ft) 

Let  the  vertical  axis  measure  time  in  nano-seconds 
and  the  horizontal  axis  measure  distance  (one  di¬ 
mension)  in  feet  (^30  cm).  Then  the  plot  of  a 
moving  light  pulse  will  make  an  angle  of  45  since 
c  'v  1  foot  per  nano-second.  The  prescription  is 
simple.  Send  out  a  pulse  at  time  t^,  let  it  be 
reflected  at  the  distant  event,  and  return  to  the 
observer  at  time  t,.  One  assumes  that  the  time  of 
reflection  assigned  by  the  observer  in  midway  be¬ 
tween  tj  and  t^: 


+  2  ^c3  ”  *"1^ 


t  "  —  t  i  t 
1  2  1  2  3 


(tl  +  t3) 


(1) 


its  center.  Wien  the  two  light  sources  are  abreast 
of  each  other,  let  t  lem  flash  simultaneously,  send¬ 
ing  out  light  wave  fronts  in  the  forward  and  back 
directions  for  observer  A  and  for  observer  B. 

(These  could  be  railroad  cars,  in  Einstein's  own 
example,  or  space  ships,  appropriate  to  our  own 
epoch.  For  simplicity,  we  are  limiting  ourselves 
to  only  one  dimension.)  In  his  own  system,  A  would 
see  the  pulses  reaching  the  ends  at  the  same  time, 
but  he  would  observe  the  backward  travelling  wave 
front  reach  the  back  end  of  system  B  before  the 
forward  travelling  wave  front  reaches  the  front 
end  of  system  B.  How  could  observer  B  measure 
that  the  speed  of  light  was  c  in  both  directions, 
as  A  would  surely  measure?  Does  this  not  violate 
the  postulate  of  relativity,  by  which  A  and  B 
should  agree  on  tae  laws  of  physics? 

You  know  well  the  resolution  of  this  dilemma, 
which  came  to  Einstein  after  many  years  of  musing 
and  bafflement.  On  awaking  one  morning  during 


The  same  measurements  of  time  will  also  yield  the 
distance  to  the  event  by  using  the  radar  equation: 

x  =  "f-  (t3  ‘  tl)  (2> 

The  diagram  is  called  a  Minkowski  diagram  after 
Einstein's  distinguished  professor  of  Mathematics 
at  the  ETII  who  developed  this  geometric  way  of 
looking  at  space-time  in  1907. 

Modern  Observers  and  Minkowski  Diagrams 

The  modern  observer  will  be  equipped  with: 

1 .  Atomic  Clocks 

2.  Short  Pulse  Lasers 

3.  Fast  Photo-detectors 

4.  Event  Timers 
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The  k-Caleulus.  By  sending  and  receiving 
short  light  pulses  and  recording  the  times  (epochs) 
of  such  events,  one  can  measure  the  space-time 
coordinates  of  distant  events,  as  we  have  just 
seen.  In  addition,  the  technique  lends  itself  to 
a  very  clear  way  of  developing  the  conceptual 
structure  of  relativity,  as  was  first  done  by 
Bondi. 5  Consider  the  following  diagram  in  which 
the  world  line  of  B  is  represented  in  the  space- 
time  diagram  of  A. 


A  B 


Observer  B  has  the  same  equipment  as  A,  in  parti¬ 
cular  a  standard  atomic  clock.  Because  of  the 
motion  of  B  relative  to  A,  light  pulses  emitted 
by  A  with  a  time  interval  T  between  them  will  be 
received  by  B  with  a  stretched  time  interval  kT 
because  of  the  additional  distance  travelled  by 
B  between  reception  of  pulses.  This  is  just  the^ 
familiar  Doppler  effect.  It  is  an  easy  exercise 
to  show  that  the  relativistic  Doppler  factor  k 
is  given  by 


k  =  /  1  +  v/c  (3) 

y  1  -  v/c 


The  locus  of  the  events  which  A  regards  as 
simultaneous  with  his  origin  event  t  =  0  as  deter¬ 
mined  by  the  operation  shows  in  the  above  diagram, 
a  pulseless  effect  at  t  =  -x/c  being  received  back 
at  t  =  x/c.  This  constitutes  A's  x-axis.  If  ob¬ 
server  B  carries  through  the  same  operation,  as 
shown  in  the  following  diagram,  emitting  a  pulse 
at  t'  «  -x'/c  and  receiving  it  back  at  t'  =  x'/c. 


the  locus  of  all  such  reflection  are  the  events  he 
regards  as  simultaneous  with  his  origin  even  to 
t'  =0.  (The  same  even  t  to  which  A  assigns  t=0) . 
This  x'-axis  makes  the  same  angle  withQrespect  to 
the  locus  of  light  propagation,  the  45  line,  as 
the  t'-axis.  The  light  propagation  lines,  shown 
dashed  in  the  figure,  are  the  same  for  both  obser¬ 
vers  because  of  the  invariance  of  the  speed  of 
light.  They  are  often  called  the  light  cone. 

The  geometrization  of  space-time,  as  pointed 
out  by  Minkowski  in  1907,  amounts  to  this:  There 
is  an  absolute  space-time,  which  is  "sliced  up"  by 
different  inertial  observers  in  different  ways,  as 
shown  in  the  following  diagram  (for  one  space  di¬ 
mension) 

Minkowski's  Absolute  Spoce-Time  (1907) 


Some  reference  event  is  chosen  and  a  light 
cone  is  associated  witn  it.  If  this  reference 
event  is  chosen  as  the  origin  event  for  several 
inertial  observers,  their  time  and  space  axis  are 
plotted  as  shown.  Observer  C  is  moving  to  the 
left  with  respect  to  observer  A.  The  distance  in 
the  diagram  along  the  time  and  space  axes  which 
corresponds  to  unity  will  be  different  for  each 
inertial  observer'.  The  coordinates  for  an  event 
are  determined  by  parallel  projection  onto  the 
time  and  space  axes  for  any  inertial  observer,  as 
shown  in  the  following  diagram 


Space -Time 
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Minkowski  showed  a  very  remarkable  property: 
even  though  t'  5*  t  and  x'  f  x  in  the  above  dia¬ 
grams,  there  is  an  expression  which  is  the  same 
for  both  observers,  namely^ 


2 

s 


2  2 


c  t 


2 

x 


2  , 1 2 


,|2 


(4) 


This  is  called  the  square  of  the  invariant  inter¬ 
val  between  the  origin  event  (0,0)  and  the  event 
(t,x)  or  (t1,  x').  For  any  two  events  whose  sepa¬ 
ration  in  time  is  At  or  At'  and  whose  separation 
in  space  is  Ax2  or  Ax',  it  is  easily  shown  that 

(As)2  =  C2 (At)2  -  (Ax)2  =  c2(At')2  -  (Ax')2  v5) 


Even  though  At  i-  At'  and  Ax  Ax',  all  inertial 
observers  will  get  the  same  result  for  (As) 2 
as  defined  by  equat4on  (5)!  In  three  spatial  di¬ 
mensions,  (As) 2  becomes 


(As! 2  =  c2(At)2  -  (Ax)2  -  (Ay)2  -  (Az)2 

=  c2 (At ' ) 2  -  (Ax')2  -  (Ay')2  -  (Az')2 


(6) 


and  continues  to  be  invariant  for  all  inertial 
observers. 

This  is  an  extremely  important  result  because 
it  provided  the  mathematical  basis  for  Einstein's 
later  development  of  his  theory  of  gravity  -  a 
curvature  of  the  flat  space-time  that  we  have  been 
discussing  in  terms  of  the  preceding  diagrams  -  as 
we  shall  discuss  la*-er  on.  Minkowski  character¬ 
ized  his  development  of  the  geometry  of  space- 
time  during  an  address  to  the  80th  Assembly  of 
German  Natural  Scientists  and  Physicians  in 
Cologne  on  the  21st  of  September,  1908  in  the 
following  famous  excerpt: 

"The  views  of  Space  and  Time  which  I 
wish  to  lay  before  you  have  sprung  from 
the  soil  of  experimental  physics,  and 
therein  lies  their  strength.  Hence¬ 
forth,  space  by  itself,  and  time  by 
itself,  are  doomed  to  fade  away  into 
mere  shadows,  and  only  a  kind  of  union 
of  the  two  will  preserve  an  independent 
reality." 

He  was,  of  course,  talking  about  the  slicing  up  of 
space-time  by  different  inertial  observers,  accom¬ 
panied  by  the  invariance  of  the  interval,  as  we 
have  just  discussed. 

The  Effect  of  Motion  on  Clocks 


This  is  most  readily  described  by  using  the 
invariant  interval.  Consider  the  following 
Minkowski  space-time  diagram  which  represents  the 
motion  of  a  clock  with  respect  to  some  arbitrary 
inertial  observer  whose  coordinate  time  and  space 
axes  are  displayed.  The  world  line  of  the  moving 
clock  is  just  the  locus  of  the  events  at  which 


Reading  of  moving 
clock  is  its  own  time. 
Proper  Time. 

Denote  by  r . 


it  is  present.  The  curvature  of  the  world  line 
shows  that  it  experiences  accelerations.  Two 
neighboring  events  along  the  world  line  of  the 
clock  are  shown  representing  "ticks"  of  the  clock 
(every  second,  or  better,  every  nanosecond).  With 
respect  to  the  inertial  observer,  they  have  a  time 
separation  At  and  a  spatial  separation  Ax.  For 
the  moving  observer  accompanying  the  clock,  the 
time  separation  between  ticks  is  the  time  interval 
actually  recorded  by  the  moving  clock,  which  is 
called  its  proper  time  interval  and  given  the 
symbol  At.  The  spatial  separation  between  the 
ticks  for  the  observer  moving  with  the  clock  will 
be  zero,  since  the  clock  is  always  at  the  origin 
of  the  moving  coordinate  system.  If  the  two  tick 
events  are  close  together,  the  moving  observer  can 
be  regarded  as  an  inertial  observer  since  his  in¬ 
stantaneous  velocity  v  will  change  very  little 
during  the  interval  between  ticks.  Then,  denoting 
the  time  and  space  measurements  of  the  moving  ob¬ 
server  with  primes, 

(As)2  =  c2(At)2  -  (Ax)2  =  c2(At’)2  -  (Ax’)2  (7) 


But 


At'  =  At 
Ax'  =  0 


(8) 


and 

Ax  =  vAt 

Equation  (7)  thus  becomes 


(9) 


2  2??  ? 
c  (m )  =  c  (At)  -  (vAt ) ^ 

2  a  ? 

“  (c  -  v )  (Atr 


(10) 


(At)2  =(!-—■)  (At)2 


At 


A  -  A 


At 


(11) 
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relating  the  proper  time  increment  Ax  of  the  moving 
clock  to  the  coon* lnate  time  increment  it  of  the 
inertial  observer.  Note  that  this  important  result 
has  been  obtained  with  very  little  mathematics. 

The  author  has  successfully  taught  these  ideas  to 
introductory  physics  students,  given  several  weeks 
for  them  to  be  absorbed  gradually. 

If  two  identical  clocks  are  synchronized  to 
read  the  same  when  they  are  together,  and  observed 
to  have  the  same  rate  when  together,  they  will  not 
exhibit  the  same  reading  after  being  separated  and 
experiencing  different  routes  in  space-time  before 
being  brought  together  again,  even  though  their 
rates  will  again  be  the  same.  The  situation  is 
illustrated  below  for  clocks  A  and  B. 


The  difference  in  proper  times  for  clocks  A  and  B 
will  be 


a  watch  dropped  on  a  hard  floor  from  a  sufficient 
height  will  probably  stop  running!  However,  it  is 
possible  in  real  situations  to  keep  accelerations 
small  enough  to  avoid  significant  rate  changes  by 
careful  packaging  to  reduce  shocks  and  vibrations 
and  by  sufficiently  slow  motions  of  the  vehicle 
(e.g.  aircraft)  carrying  the  clock.  The  important 
point  is  that  there  is  no  specific  dependence  on 
the  instantaneous  acceleration  in  the  theory  pre¬ 
dicting  the  elapsed  proper  time  for  an  arbitrary 
motion  of  a  clock  in  space-time. 

Einstein's  1905  Prediction 


In  the  1905  paper,  "On  the  Electrodynamics  of 
Moving  Bodies",  referred  to  earlier,  Einstein  made 
the  following  statement  after  developing  his  ideas 
about  time: 

* 

"Thence  we  conclude  that  a  balance-clock 
at  the  equator  must  go  more  slowly,  by 
a  very  small  amount,  than  a  precisely 
similar  clock  situated  at  one  of  the 
poles  under  otherwise  ioentical  condi¬ 
tions. 


Not  a  pendulum  clock,  which  is  physical¬ 
ly  a  system  to  which  the  earth  belongs. 
This  case  had  to  be  excluded." 

The  situation  is  sketched  below.  The  equatorial 


t  (final)  -  x  (initial)  =  fdx 
A  B  J  a 

=  J  / X  -  v^/c2  dt 

(12) 

x^(final)  -  ^(initial)  =  j  dxb 

=  |  / 1  -  V/c2  dt 


Where  t  represents  the  coordinate  time  of  some  in¬ 
ertial  observer  and  vft  and  vB  are  the  instantaneous 
velocities  of  A  and  B  with  respect  to  that  inertial 
observer.  The  elapsed  proper  time  will  be  differ¬ 
ent  for  clocks  A  and  B  since  their  histories  or 
routes  are  different.  There  is  a  route  dependence 
of  elapsed  proper  time.  Colloquially,  to  para¬ 
phrase  a  once  popular  song,  "Your  time  is  not  my 
time" ! 

Note  in  equation  (12)  that  there  is  no  expli¬ 
cit  dependence  on  the  acceleration  or  higher  deriv¬ 
atives  of  the  motion  of  the  clocks,  but  only  the 
instantaneous  velocity.  This  is  sometimes  referred 
to  in  the  literature  of  relativity  as  the  "clock 
hypothesis".  There  clearly  must  be  some  accelera¬ 
tion  for  the  clocks  to  separate  and  be  brought 
back  together  again.  Any  real  clock  will  be  influ¬ 
enced  by  acceleration  to  some  extent.  For  example. 


surface  velocity  is  about  0.46  meters/second. 
Equation  (12)  evaluated  in  an  inertial  frame  (non¬ 
rotating)  with  origin  at  the  center  of  the  earth 
yields,  to  first  order  in  v^/c^. 

r  2 

x(final)  -  T(initial)  -  I  (l  -  — )  dt 
‘  2c 

,  (13) 


2  2 

At  a  pole,  v  =  0,  but  at  the  equator  v  /2c  *  1.18x 
10“12.  if  c  is  one  day,  the  equatorial  clock  would 
run  slow  with  respect  to  the  polar  clock  by  about 
102  nanoseconds. 

If  atomic  clocks  had  existed  in  1905  with  the 
stability  we  have  today  (^2  ns/day)  so  that  the 
prediction  could  have  been  tested,  it  would  have 
been  found  to  be  wrong!  Why?  Because  the  effect 
of  gravity  had  not  been  included!  Two  years  were 
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to  go  by  before  Einstein  discovered  the  Principle 
of  Equivalence  in  1907  and  drew  the  conclusion 
about  the  influence  of  gravitational  potential  on 
time.  The  oblateness  of  the. spinning  earth  causes 
a  decrease  in  the  gravitational  potential  as  one 
moves  from  the  equator  to  a  pole,  getting  nearer 
to  the  center  of  the  earth.  It  is  remarkable  that 
the  effect  of  this  change  on  clocks  is  predicted 
to  offset  exactly  the  effect  of  the  change  of 
surface  velocity,  so  that  the  correct  prediction 
is  a  null  effect.  We  have  performed  an  experiment 
recently,  transporting  clocks  from  Washington,  D.C. 
to  Thule,  Greenland  and  back,  which  supports  this 
null  prediction,  and  will  describe  it  later. 


The  Principle  of  Equivalence 

(Einstein's  "Happiest  Thought' 1 ) 

Let  us  now  turn  to  the  incorporation  of  gravi¬ 
ty  into  the  structure  of  space-time  which  in  Ein¬ 
stein's  hands  produced  the  General  Theory  of  Rela¬ 
tivity  -  no  longer  restricted  to  inertial  frames 
of  reference.  It  is  my  experience  that  the  best 
way  to  understand  Einstein’s  theory  of  gravity  is 
through  the  historical  route  actually  followed  by 
Einstein.  The  physical  ideas  came  before  the  full 
mathematical  formulation  of  curved  space-time  in¬ 
volving  the  tensor  calculus,  which  took  eight  more 
years  to  develop.  The  key  idea  came  to  Einstein 
in  1907  when  he  was  working  on  a  summary  essay  con¬ 
cerning  the  special  theory  of  relativity  for  the 
yearbook  for  Radioactivity  and  Electronics.  He 
described  his  train  of  thought  in  an  essay  written 
in  1919,  "The  Fundamental  Idea  of  General  Relativ¬ 
ity  in  its  Original  Form",  which  is  not  yet  pub¬ 
lished,  but  an  excerpt  was  printed  in  the  New  York 
Times^  in  1972  when  the  planned  editing  and  publi¬ 
cation  of  all  his  papers  was  announced. 

"I  tried  to  modify  Newton's  theory  of 
gravitation  in  such  a  way  chat  it  would 
fit  into  the  theorv.  Attempts  in  this 
direction  showed  the  possibility  of 
carrying  out  this  enterprise,  but  they 
did  not  satisfy  me  because  they  had  to 
be  supported  by  hypotheses  without 
physical  basis.  At  that  point,  there 
came  to  me  the  happiest  thought  of  my 
life  Lemphasis  added]  in  the  following 
form: 

Just  as  in  the  case  where  an 
electric  field  is  produced  by  electro¬ 
magnetic  induction,  the  gravitational 
field  similarly  has  only  a  relative 
existence.  Thus,  for  an  observer  in 
free  fall  from  the  roof  of  a  house 
there  exists,  during  his  fall,  no 
gravitational  field  -  at  least  not  in 
his  immediate  vicinity.  If  the  obser¬ 
ver  releases  any  objects,  they  will 
remain, relative  to  him,  in  a  state  of 
rest,  or  in  a  state  of  uniform  motion, 
independent  of  their  particular  chem¬ 
ical  and  physical  nature.*  The  obser¬ 
ver  is  therefore  justified  in  consid¬ 
ering  his  state  as  one  of  "rest". 

The  extraordinarily  curious, 


empirical  law  that  all  bodies  in  the 
same  gravitational  field  fall  with 
the  same  acceleration  immediately 
took  on,  through  this  consideration, 
a  deep  physical  meaning.  For  if 
there  is  even  one  thing  which  falls 
differently  in  a  gravitational  field 
than  do  the  others,  the  observer 
would  discern  by  means  of  it  that  he 
is  in  a  gravitational  field,  and  that 
he  is  falling  in  it.  But  if  such  a 
thing  does  not  exist  -  as  experience 
has  confirmed  with  great  precision  - 
the  observer  lacks  any  objective 
ground  to  consider  himself  as  falling 
in  a  gravitational  field.  Rather,  he 
has  the  right  to  consider  his  state 
as  that  of  rest,  and  his  surroundings 
(with  respect  to  gravitation)  as  field- 
free. 

The  fact,  known  from  experience, 
that  acceleration  in  free  fall  is  in¬ 
dependent  of  the  material,  is  there¬ 
fore  a  mighty  argument  that  the  post¬ 
ulate  of  relativity  is  to  be  extended 
to  coordinate  systems  that  are  moving 
non-uniformly  relative  to  one  another. 


In  this  consideration  one  must  natu¬ 
rally  neglect  air  resistance." 

The  following  simple  diagrams  illustrate  the 
point  made  by  Einstein  and  allow  profound  conse¬ 
quences  to  be  drawn  with  little  or  no  mathematics! 
Consider  a  laboratory  falling  freely  as  shown  be¬ 
low.  Objects  released  with  no  initial  velocity 


|  Free  Foil 

No  Locol 
Grovitolionol 
Field! 

will  remain  at  rest.  If  the  initial  velocity  is 
not  zero,  the  path  of  the  object  will  be  a  straight 
line.  This  is  now  very  familiar  to  us  from 
television  and  movies  of  the  U.S.  astronauts  in 
Skylab  and  the  Apollo  spacecraft,  and  the  Soviet 
cosmonauts  in  Salyut  and  the  Soyuz  spacecraft.  The 
freely  falling  spacecraft  constitutes  a_  true 
(local)  Inertial  system.  If  one  imagines  the 
spacecraft  in  a  region  of  space  free  of  gravity  but 
subject  to  the  acceleration  produced  by  a  rocket 
engine,  as  shown  on  the  left  below  (the  "Aclab"  of 
Banesh  Hoffmann),  the  observer  inside  will  experi¬ 
ence  effects  similar  to  those  in  a  stationary  lab- 
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oratory  on  the  surface  of  a  body  like  the  earth 
where  there  is  an  acceleration  of  gravity  g.  In 
both  cases,  objects  released  will  move  to  the 
floor  with  accelerated  motion.  In  the  "Aclab" 
case,  the  floor  accelerates  to  the  released  object, 
sc  that  any  object,  regardless  of  its  composition, 
will  behave  in  the  same  way.  In  the  "Gravlab" 
case,  it  has  been  measured  with  increasing  accuracy 
by  Galileo,  Newton,  Eotvos,  Dicke,  and  Braginsky, 
that  all  bodies  at  the  surface  of  the  earth  fall 
with  the  same  acceleration.  The  latest  measure¬ 
ments,-*^  using  torsion  balance  techniques  to  com¬ 
pare  aluminum  and  gold  at  Princeton  University  ana 
to  compare  aluminum  and  platinum  at  Moscow  State 
University  give 


8al  8au 


<  10  11  (Dicke,  1964) 


(14) 


Sal  ~  Spt 


<  10  ^  (Braginsky,  1972) 


Implications  for  Light  Propagation 

Einstein  proposed  that  the  equivalence  ide.r 
should  hold,  not  only  for  dynamics,  but  for  all  of 
physics,  and,  in  particular,  for  electromagnetic 
phenomena,  including  light.  If  this  is  the  case, 
one  can  draw  some  conclusions  without  using  any 
mathematics  at  all  as  illustrated  in  the  following 
diagram.  Since  the  "Aclab"  is  accelerating  with 
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Gravlab 


respect  to  an  inertial  system,  and  a  beam  of  light 
would  propagate  in  a  straight  line  in  that  system, 
to  an  observer  in  the  "Aclab",  the  light  would  ap¬ 
pear  to  follow  a  curved  path.  If  the  equivalence  to 
the  "Gravlab"  is  correct,  the  prediction  .would  be 
that  light  follows  a  curved  path  when  propagating  in 
a  gravitational  field.  In  addition,  by  noting  that 
the  wave  fronts  associated  with  the  light  beam  must 
move  like  ranks  of  soldiers  when  turning,  the  outer 
soldiers  moving  faster  than  the  inner  ones,  the 
conclusion  follows  that  the  speed  of  light  should 
increase  with  height  in  a  gravitational  field!! 

Implications  for  the  Rate  of  Clocks 


Imagine  two  atomic  clocks  oi  identical  con¬ 
struction  to  be  at  the  top  and  bottom  of  an  "Aclab" 
as  shown  below,  their  readings  being  compared  by 
modern  observers  equipped  with  short  pulse  lasers, 
fast  photo-detectors,  and  event  timers  as  discussed 
earlier.  The  rates  can  be  calculated  using  the 
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techniques  of  restricted  relativity  discussed  ear¬ 
lier  (accelerated  motion  can  be  analyzed  by  using 
a  succession  of  inertial  frames  having  the  instant¬ 
aneous  velocity  of  the  accelerated  object).  The 
conclusion,  as  we  will  show  below,  is  that  the 
high  clock  will  run  fast  with  respect  to  the  low 
clock.  Therefore,  by  the  principle  of  equivalence, 
in  the  "Gravlab",  the  high  clock  will  run  fast  with 
respect  to  the  low  clock.  A  clock's  rate  is  pre¬ 
dicted  to  depend  on  its  position  in  a  gravitation¬ 
al  field!! 

Since  we  have  presented  earlier  all  the  math¬ 
ematical  machinery  needed  to  draw  this  conclusion, 
let  us  run  briefly  through  the  analysis.  Con¬ 
struct  a  space-time  diagram  for  the  low  and  high 
observers  in  the  "Aclab"  referred  to  time  and  space 
axes  of  an  inertial  observer,  as  shown  on  the  left 
below.  The  curvature  of  the  world  lines  represents 


Comparison  of  Clocks  in  "Aclaa'1 


their  acceleration  with  respect  to  the  observer  es¬ 
tablishing  the  time  and  space  coordinates.  They 
are  separated  by  a  vertical  distance  h  when  t  =  0. 
Let  two  successive  light  pulses  be  emitted  by  the 
low  observer  separated  by  a  time  interval  T  on  his 
clock.  The  pulses  will  be  received  by  the  high 
observer  separated  by  a  time  interval  kT  in  accord¬ 
ance  with  our  earlier  discussion  of  the  Doppler 
factor,  equation  (3).  The  velocity  which  should  be 
used  to  evaluate  k  in  that  of  the  high  observer 
when  the  first  pulse  reaches  him. 


v  »  at  =  ah/c 


(15) 


where  a  is  the  acceleration  of  the  "Aclab"  and  the 
approximation  is  made  that  the  separation  is  still 
h  at  this  later  time  so  the  transit  time  =  h/c. 

It  is  further  assumed  that  during  the  time  T  the 
velocity  will  not  change  appreciably. 

Then 
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k  =  f  1  +  v7c  -  /  1  +  2v/c  =  /  1  +  2ah  (16) 

/  1  -  v/c  /  /  2 

c 

Now,  by  the  Principle  of  Equivalence,  a  =  g,  the 
acceleration  of  gravity,  so  k  becomes 


k  =  /  1  4-  2gh  (17) 

2 

c 


Recall  that  gh 

is  just  the  Newtonian  potential 

dif- 

ference  $  if  h 

is  small. 

9  =  gh 

(18) 

so  that 

k  =  /l  +-2f 

(19) 

c 


By  the  Principle  of  Equivalence,  the  situation 
would  be  as  shown  in  the  following  space-time 
diagram.  The  low  and  high  clocks  are  not  moving 


Low  High 


"Gravlob” 

/  . 

kT 

// 

V 
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The  observer  on  the  ground  at  x  =  0  can  estab- 
lish  the  coordinates  (t,  x)  of  any  event  by  sending 
out  a  light  pulse  to  be  reflected  back  at  the  time 
of  the  event  and  received  at  a  later  time.  The 
time  he  assigns  to  the  event  is  halfway  between  his 
emission  and  reception  events  as  described  by 
equation  (1).  (This  is  still  valid  even  though  the 
speed  of  light  is  not  constant  in  a  gravitational 
field;  the  time  required  for  the  light  pulse  to  go 
out  is  the  same  as  that  for  it  to  return).  If  the 
procedure  is  repeated  an  interval  of  coordinate 
time  it  later,  it  will  define  an  interval  of  proper 
time  Ax  at  the  higher  position,  as  shown  in  the 
diagram.  The  essential  property  is  that 

At  i  At  (21) 

Time  Curvature 

It  is  possible  to  generalize  the  expression 
for  the  square  of  the  invariant  interval  in  re¬ 
stricted  relativity,  equations  (5)  and  (6),  to 
allow  for  this  effect,  and  that  is  just  what  Ein¬ 
stein  did,  writing  now 

As2  =  (l  +  -^f-)c2  (At)2  -  (Ax)2  (22) 

c 

For  three  spatial  dimensions,  and  using  the  Newton¬ 
ian  potential  4>  to  include  non-uniform  gravitation¬ 
al  fields 

As2  =  (l  +^2~  1°2  (At)2  -  (Ax)2  “  (Ay)2  -  (Az)2 
c 

(23) 


so  their  world  lines  are  straight.  The  light  pro¬ 
pagation  lines  are  curved  because  of  the  increase 
of  the  speed  of  light  with  height.  The  time  in¬ 
terval  T  becomes  stretched  to  kT,  where 


k  =  /  1  +  2gx  (20) 

2 

c 


This  circumstance  is  what  can  be  called  the  "cur¬ 
vature  of  time. "  The  elapsed  proper  time  of  a 
clock  depends  on  where  it  is  located  in  the  gravi¬ 
tational  field  and  differs  from  the  elapsed  coor¬ 
dinate  time  established  by  an  observer,  at  the 
surface  of  the  earth,  for  example,  with  the  aid  of 
light  signals.  The  following  diagram  shows  the 
relation  for  vertical  distances. 


Einstein  retained  the  interpretation  of  As  as  mea¬ 
suring  the  interval  between  two  events  ir.  space- 
time,  so  for  the  interval  between  two  ticks  of  a 
clock, 


As  =  cAt  (24 ) 

where  At  is  the  interval  of  proper  time  recorded 
by  the  clock.  If  the  clock  is  not  moving 

(As)2  =  c2(At)2  =  (l  +  )c2  (At)2  (23) 

c 


or 

At  =  /l  +  At  (26) 

c 

which  is  the  same  as  equation  (19),  giving  the  re¬ 
lation  between  increments  of  proper  time  and  coor¬ 
dinate  time.  If  the  clock  is  moving, 

Ax  =  u  At,  A  =  u  At,  Az  =  u  At  (27) 
x  y  y  z 
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and  equation  (23)  becomes 

(As)2  =  c2(At)2  =  (l  +  ~~  )  c2  (At)2 


{u  +  U  2  +  U  }  (ut)2 

1  x  y  2  1 


which  leads  to 


Ax  =  /  1  + 


as  the  relation  between  proper  time  and  coordinate 
time  increments  for  a  clock  in  motion. 

As  Einstein  developed  these  concepts  during 
the  years  1907  -  1915,  and  especially  during  the 
collaboration  with  Marcel  Grossmann  from  1912  - 
1914,  he  realized  there  would  also  be  a  curvature 
of  space  produced  by  a  gravitational  field.  This 
would  be  represented  by  coefficients  of  the  (Ax)^, 
(Ay) 2,  and  (Az)^  terms  of  the  expression  for  (As)2 
which  would  also  be  functions, of  position,  just  as 
the  coefficient  of  the  c^(At)^  term.  The  values 
of  these  coefficients  are  determined  by  his  field 
equations  for  a  given  distribution  of  matter.  For 
a  spherically  symmetric  mass  distribution,  the 
famous  Schwarzschild  solution  of  the  field  equa¬ 
tions  is 

(As)2  =  (1+-^-)  c2(  c)2--^- 
c  (1  +  — |  ) 


-  r2  cos26(Aa)2  -  r2  (AB)2 


At  =  (  1  +  —^2  ”  )  At 


All  of  the  experiments  with  atomic  clocks  which 
have  been  done  recently,  and  which  we  will  describe 
below,  are  a  testing  of  the  relationship  (34)  be¬ 
tween  proper  time  and  coordinate  time. 

Analogy  of  Time  Curva ture  to  the  Curvature  of 
a  Sphere 

Consider  a  sphere,  like  the  earth,  whose  curved 
surface  possesses  a  coordinate  system  of  latitude 
and  longitude,  as  shown  in  the  following  diagrams. 
The  coordinates  of  longitude  a  runs  through  the 
range  0  to  360. 


R/ j  ^Rcos/SAa 


The  coordinate  of  latitude  runs  from  -90  to  90  . 

R  is  the  radius  of  the  sphere.  What  is  the  distance 
As  between  two  neighboring  points  on  the  surface  of 
the  sphere,  differing  by  Act  and  AB?  It  is  not  given 
by 


(Aa)2  +  (AB)2 


(Wrong!) 


but  rather  by 


(As)2  =  R2  cos2  8(Aa)2  +  R2  (AB)2  (36) 


with  M  the  mass  of  the  central  body,  r  the  radial 
distance,  a  the  longitude,  and  B  the  latitude. 

For  motions  in  weak  gravitational  fields  such  that 

<  <  1,  (32) 

c 

and  for  slow  motions, 


There  are  metric  coefficients,  which  depend  on  posi¬ 
tion,  multiplying  the  square  of  the  coordinate  dif¬ 
ferentials  to  give  the  true  measure  of  length,  or 
proper  length ,  between  the  points.  The  actual 
proper  length  will  be  different  for  different  loca¬ 
tions  on  the  sphere,  even  though  the  coordinate 
differentials  are  the  same.  For  example,  consider 
Aa  =  1°  and  AB  =  0,  as  shown  in  the  following  ex¬ 
aggerated  diagram. 


2 

“  <  <  1,  (33) 

c 

one  can  neglect  the  coefficients  of  the  spatial 
increments,  and  one  is  left  with  the  equation  (23) 
containing  only  the  curvature  of  time. 

Under  the  conditions  of  low  velocity  and  weak 
gravity  expressed  by  equations  (32)  and  (33),  one 
can  approximate  equation  (29)  as 


At  the  equator,  As  will  be  111.7  km,  while  at  the 
latitude  of  45?  As  will  be  78.9  km.  The  relation 
between  the  proper  time  increment  At  and  coordinate 
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time  increment  At  in  curved  space-time  is  very 
closely  analogous  to  the  relation  between  the 
proper  length  increment  As  and  the  coordinate  of 
longitude  increment  Aa  on  the  curved  surface  of 
the  sphere.  The  coefficients  in  relativity  are 
also  called  metric  coefficients.  For  a  network  of 
curvilinear  coordinates,  x^  and  x^,  on  an  arbitrary 
curved  surface  as  shown  the  proper  length  As  is 


expressed  as: 

(As)2  =  211^Ax1)  2  +  2g12(AxJHAx2)  +  g22(Ax2)2  (37) 


There  is  another  way  of  looking  at  free  motion 
in  the  curved  space-time  produced  by  masses.  Re¬ 
call  from  Einstein's  essay  that  the  Principle  of 
Equivalence  allows  the  local  cancellation  of  the 
effects  of  gravity  by  going  to  a  freely  falling 
frame  of  reference.  It  can  only  be  local  because 
gravitational  fields  in  the  real  world  are  not 
uniform,  as  the  following  diagrams  indicate.  The 
extent  of  the  local  freely  falling  frame  in  both 
time  and  space  will  depend  on  the  accuracy  with 


The  great  mathematician  Gauss  made  many  contribu¬ 
tions  to  the  differential  geometry  of  two-dimen¬ 
sional  curved  surfaces,  in  particular  showing  that 
the  curvature  can  be  calculated  from  the  variation  „ 
of  the  metric  coefficients  gjj  on  the  surface  only. 
These  results  were  generalized  to  an  arbitrary 
number  of  coordinates  describing  n-dimensional 
curved  space  by  Riemann.  This  Riemannian  geometry 
furnished  many  mathematical  tools  which  Einstein 
and  Grossmann  used  in  the  final  form  of  General 
Relativity. 


AcLob 


Poths  of  dropped 
objects  ore 
porollel 


Converge.  Poths 
of  dropped  objects 


Brief  Summary  of  the  Curved 
Space-time  Theory  of  Gravity 

In  the  curved  space-time  produced  by  the 
presence  of  matter, 2the  metric  coefficients  in  the 
;xpression  for  (As)  being  determined  by  the  Ein¬ 
stein  field  equations,  a  free  object  will  move  in 
such  a  way  that  if  one  imagines  it  carrying  a  clock, 
-he  path  it  follows  in  space-time  will  make  its 
‘lapsed  proper  time  a  maximum.  In  technical  terms, 
.t  will  follow  a  so-called  geodesic  path  which  is 
:he  analog  of  a  great  circle  on  a  sphere.  Locally, 
-he  path  will  be  as  straight  as  possible  in  the 
urved  space-time.  In  the  words  of  Professor  John 
/heeler, 

"Matter  tells  space-time  how  to  curve; 

Curved  space-time  tells  objects  how  to 

move. " 

his  is  graphically  represented  by  the  following 
icture  and  analogy  taken  from  the  book  Gravitation 
y  Misner,  Thorne,  and  Wheeler. ^  The  curved  sur- 
ace  of  the  apple  may  be  thought  of  as  caused  by 
he  stem  (analog  of  mass).  The  ants  moving  on  the 
urved  surface  try  to  move  locally  as  straight  as 
ossible  (geodesics).  The  result  is  that  the  ants 
ad  up  moving  in  curved  paths  about  the  stem  (planet 
rbiting  the  sun). 


which  measurements  are  made.  These  local  freely 
falling  frames  obviously  are  local  Inertial  systems 
in  that  freely  moving  objects  will  move  in  straight 
lines  as  discussed  earlier.  Inertial  systems  must 
be  local  because  only  non-uniform  gravitational 
fields  exist  in  the  real  world.  The  inertial  sys¬ 
tems  of  large  extent  as  discussed  in  restricted 
relativity  are  a  fiction.  An  object  moving  freely 
in  a  non-uniform  gravitational  field  (curved  space- 
time)  can  be  thought  of  as  moving  in  straight  lines 
in  the  flat  space-time  of  restricted  relativity  in 
each  of  a  succession  of  local  freely  falling  systems 
which  differ  in  both  direction  and  velocity  of  mo¬ 
tion.  It  is  clear  from  equations  (12)  and  associa¬ 
ted  diagrams  that  such  straight  line  motion  in  an 
inertial  system  between  two  events  in  space-time 
produces  a  proper  time  difference  greater  than 
curvilinear  motion,  since  there  is  some  inertial 
system  in  which  it  would  be  at  rest.  Hence,  the 
conclusion  that  free  motion  in  curved  space-time 
follows  a  path  which  produces  a  maximum  proper  time 
difference.  Bertrand  Russell1-5  has  referred  to  this 
as  the  "Principle  of  Cosmic  Laziness." 

Einstein's  theory  of  gravity  as  curved  space- 
time  does  away  with  the  concept  of  Newtonian  gravi¬ 
tational  forces.  A  body  falls  to  the  earth  because 
it  follows  the  locally  straightest  path  in  curved 
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space-time.  We  have  seen  that  for  low  velocities 
and  weak  fields,  as  exist  for  most  motions  on 
earth,  the  primary  curvature  is  that  of  time. 
Thus,  from  the  Einsteinian  point  of  view,  bodies 
fall  because  of  the  properties  of  time  and  the 
behavior  of  clocks  which  we  are  discussing.  The 
essential  property  is  the  relation  between  proper 
time  and  coordinate  time,  equation  (34).  The 
curved  world  line  of  a  falling  body  results  from 
the  elapsed  proper  time  associated  with  the  body 


Curved  Space  -  T ims 


t(final)  -  t(initial)  = 


dt 


(38) 


having  a  maximum  value  for  that  path  as  compared 
with  other  paths  between  the  same  initial  and  final 
events. 


The  following  diagram  shows  a  plot  of  gravi¬ 
tational  potential  $/c2  for  the  sun  as  a  function 
of  distance  from  its  center,  along  with  a  schematic 
representation  of  the  change  in  rate  of  clock  as  a 
function  of  position.  This  is  one  way  of  indicat- 


slow  fcsl 


ing  the.curvature  of  time.  At  the  surface  of  the 
sun  i>/c  =  -2  x  10"^.  Using  the  value  at  the  earth 
of  the  solar  gravitational  potential,  the  earth 
gravitational  potential  (<f/c2  -  -7  x  lO-1^  at  its 
surface)  and  the  velocity  of  the  earth  in  its  orbit 
around  the  sun  (^30  km/s),  the  additional  46  seconds 
since  Einstein's  birth  as  observed  by  Herblock's 
distant  cosmic  observer,  (whose  proper  time  will  be 


the  same  as  coordinate  time) ,  was  calculated  using 
equation  (38)  for  the  freely  falling  earth. 

In  the  popular  literature  on  general  relativ¬ 
ity,  the  curvature  of  space  is  referred  to  almost 
exclusively  since  it  is  somewhat  easier  to  visual¬ 
ize  than  the  curvature  of  time.  However,  this  is 
quite  misleading,  since  the  curvature  of  time  leads 
to  all  of  Newtonian  physics  for  low  speeds  and 
weak  fields  in  Einstein's  theory,  and  in  this  sense 
can  perhaps  be  regarded  as  the  primary  curvature. 
One  should  regard  most  of  these  references  to  the 
curvature  of  space  as  shorthand  for  the  curvature 
of  space-time.  Now  that  it  is  possible  to  measure 
accurately  with  modern  atomic  clocks,  as  described 
in  the  next  sections,  the  remarkable  properties  of 
Einsteinian  time, and  as  the  properties  are,  of  ne¬ 
cessity,  used  more  and  more  in  global  timekeeping 
systems,  we  can  hope  for  more  intuitive  understand¬ 
ing  of  the  physics  of  general  relativity. 


Experimental  Measurements 
Introduction 

The  experiments  which  will  mainly  be  described 
are  those  of  the  author  and  his  collaborators  with 
modern  cesium  beam  atomic  clocks  in  aircraft  and 
the  experiment  with  a  hydrogen  maser  in  a  rocket 
probe  conducted  by  Vessot  and  Levine.  These  exper¬ 
iments  were  designed  to  measure  primarily  the 
effects  of  gravitational  potential,  although  the 
effects  of  motion  were  necessarily  present  and  were 
also  measured.  They  used  macroscopic  oscillators 
controlled  by  atomic  resonances.  Before  describing 
them,  it  is  appropriate  to  mention  for  completeness 
some  of  the  earlier  observations  using  direct  ra¬ 
diation  from  atoms  and  nuclei. 

Optical  Spectroscopy 

Solar  Redsnlf t  Observations.  The  first 
tests14  of  the  properties  of  time  as  affected  by 
gravitational  potential  were  sought  in  the  shift 
toward  the  red  of  the  frequency  of  optical  radia¬ 
tion  emitted  by  atoms  on  the  sun  and  received  and 
compared  on  earth  with  radiation  from  similar 
atoms.  The  potential  difference  would  predict  a 
shift  Af/f  ^  2  x  10  .  It  was  very  difficult  to 

establish  this  value  with  any  confidence  because 
of  lack  of  accurate  knowledge  of  pressure-induced 
frequency  shifts  in  the  sun's  atmosphere  and  the 
complications  of  Doppler  shifts  due  to  turbulent 
motions  of  the  emitting  gas  atoms  and  the  surface 
velocity  of  the  sun  due  to  its  rotation.  A  brief 
summary  with  references  of  these  older  observations 
and  the  attempts  to  interpret  them  is  given  by 
Pauli.15 

The  choice  of  atoms  whose  spectral  lines  are 
little  affected  by  pressure,  and  the  use  of  rapid 
switching  in  Che  earth  laboratory  from  solar  radia¬ 
tion  to  laboratory  sources  has  allowed  measurements 
with  a  believable  accuracy  of  about  5%.  The  exper¬ 
iments  were  done  at  Princeton  University  by  J. 
Brault  (1963)15,  in  France  by  J.  Blamont  and  F. 
Roddier  (1965)1*,  and  ir.  the  U.S.A.  at  Oberlin 
College  by  J.  Snider  (1972)18. 
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White  Dwarf  Redshifts.  These  observations 
have  suffered  from  lack  of  precise  knowledge  of 
the  size  and  mass  of  the  objects  from  which  to 
calculate  the  surface  gravitational  potential. 
Sirius  B  provides  the  comparison  most  widely 
known,  although  there  are  others,  such  as  40 
Eridani  B.  The  accuracy  is  probably  no  better 
than  15  to  20%. 19, 20 


Moving  Atoms.  The  first  controlled  measure¬ 
ments  of  the  relativistic  effects  of  motion  were  .. 
carried  out  by  H.E.  Ives  and  G.R.  Stilwell  (1941). 
They  measured  the  "transverse  Doppler  effect" 

(that  is,  the  difference  between  coordinate  time 
and  proper  time  by  examining  the  light  from  excited 
atoms  moving  in  a  collimated  beam,  much  care  being 
taken  to  average  out  the  first  order  Doppler  ef¬ 
fect.  The  accuracy  of  comparison  with  theory  is 
difficult  to  assess  —  perhaps  5  to  10%.  Similar 
experiments  have  been  performed  by  G.  Otting 
(1939). ^  h.L.  Mandelberg  and  L.  Witten  (1962) 
quote  an  accuracy  of  5%  in  their  more  recent  ver¬ 
sion  of  the  experiment. 

Using  a  beam  of  high  velocity  Na  atoms  and 
laser  techniques  for  the  cancellation  of  first 
order  Doppler  effects,  the  "time  dilation"  has 
been  recently  measured  by  J.J.  Snyder  and  J.L. 

Hall  (1975)22>  to  0.5%. 


With  Helium-Neon  lasers  stabilized  by  Methane, 
the  expected  shift  of  frequency  of  0.542  per  de¬ 
gree  in  the  Methane  due  to  the  change  of  rms 
velocity  with  temperature  has  been  observed  with 
an  uncertainty  of  10%  by  S.N.  Bagayev  and  V.P. 
Chebotayev  (19 72). 25 


Mossbauer  Gamma  Ray  Spectroscopy 


Effect  of  Gravitational  Potential.  The  dis¬ 
covery  by  Mossbauer  that  the  frequency  shift  asso¬ 
ciated  with  the  recoil  of  the  nucleus  when  emitting 
or  absorbing  a  Y'ray  photon  could  be  very  small 
when  the  nucleus  transferred  its  momentum  to  Che 
solid  of  which  it  was  a  part  opened  the  way  to 
very  high  resolution  y-ray  spectroscopy.  The  ap¬ 
plication  of  the  technique  to  a  terrestrial 
measurement  was  first  made  by  R.V.  Pound  and  C.A. 
Rebka  (1960)25  using  a  22.6  meter  vertical  path  in 
a  tower  at  Harvard  University.  The  potential 
difference  produces  a  frequency  shift  Af/f  v 
2.5  x  10~  ,  which  was  measured  with  about  10% 

accuracy.  Later  Pound  and  J.  Snider  (1965) ^ 
improved  the  measurements  to  an  accuracy  of  about 
1%. 


Motional  Effects.  The  temperatures  of  the 
materials  hosting  the  y-ray  emitting  and  absorbing 
nuclei  in  the  above  experiments  need  to  be  measured 
with  precision  and  kept  closely  equal  to  prevent 
the  motional  effects  on  time  of  the  lattice  vibra¬ 
tions  from  masking  the  gravitational  effect. 
Complications  of  solid  state  physics  and  tempera¬ 
ture  measurement  do  not  allow  a  very  accurate 
measurement,  but  the  temperature  dependence  of  the 
shift  in  resonant  frequency  provides  evidence  for 
the  difference  between  coordinate  time  and  proper 
time.  The  MBssbauer  technique  has  been  used  to 
demonstrate  the  effect  of  velocity  on  time  in 


centrifuge  experiments  by  H.J.  Hay,  J.P.  Schiffer, 
T.E.  Cranshaw,  and  P.A.  Egelstaff  (1960);2°  by  W. 
Kiindig  (1963);  and  also  by  K.C.  Turner  and  H.A. 
Hill  (1964)5°  wbiie  studying  other  aspects  of  rela¬ 
tivity.  The  centrifuge  technique  has  produced  an 
accuracy  of  comparison  with  theory  of  about  1%. 

The  very  large  accelerations  associated  with 
these  motional  effects,  as  well  as  the  acceleration 
of  the  muons  in  storage  rings  discussed  below, have 
no  intrinsic  effect  on  the  relation  between  proper 
time  and  coordinate  time  as  given  in  equation  (11). 

Astronomical  Observations  from  the  Moving  Earth 

The  analysis  of  many  types  of  observations  in¬ 
volves  the  transformation  from  a  reference  system 
"attached"  to  the  center  of  mass  of  the  solar  system 
in  which  calculations  are  more  easily  done,  to  the 
reference  system  associated  with  the  earth.  Such 
observations  include  the  measurement  of  changing 
pulsar  periods,  very  long  baseline  interferometry, 
lunar  laser  ranging,  deep  space  tracking  of  space¬ 
craft,  and  planetary  ranging.  All  involve  the  use 
of  stable  atomic  clocks  on  the  earth.  The  differ¬ 
ence  between  proper  time  on  the  earth  and  coordinate 
time  in  the  solar  system  is  therefore  essential  in 
the  analysis  of  the  results  of  the  observations. 

A  particularly  clear  discussion  of  the  transforma¬ 
tion  is  given  by  J.B.  Thomas  (1976). 

High  Energy  Physics 

Charged  Pion  Lifetime.  This  has  been  measured 
by  A.J.  Greenberg,  et  al,  (1969)32  in  a  beam  from 
the  Lawrence  Radiation  Laboratory^  184-inch  cyclo¬ 
tron  where  the  factor  (1  -  had  the  value 

2.4.  The  accuracy  of  the  lifetime  determination 
compared  with  the  previously  measured  value  of  26 
nanoseconds  for  the  lifetime  at  rest  agrees  with 
the  relativistic  prediction  to  0.4%. 

Moving  Muons.  The  difference  between  coordi¬ 
nate  time  intervals  and  proper  time  intervals  has 
been  measured  using  the  decay  of  muons.  The  life¬ 
time  of  rapidly  moving  muons  increased  by  the 
factor  (1  -  v2/c2)-1i.  The  most  accurate  measure¬ 
ment,  about  2%,  has  been  made  in  a  storage  ring  at 
Center  for  Nuclear  Research  (CERN)  in  Geneva  by  . 
Farley,  et  al, (1966).  3  The  factor  (1  -  v3/ c3)  4 
had  a  value  of  12.  Earlier,  but  much  less  accurate, 
measurements  had  been  made  as  early  as  1941  by  Rossi 
and  Hall3^  by  studying  as  a  function  of  altitude  the 
survival  of  muons  produced  by  cosmic  rays  in  the 
upper  part  of  the  earth's  atmosphere.  They  would 
not  survive  to  sea  level  except  for  the  relativistic 
effect  since  their  fife  time  at  rest  is  only  about 
2  microseconds. 

Relativistic  Dynamics.  The  design  of  particle 
accelerators  and  the  analysis  of  high  energy  exper¬ 
iments  uses  concepts  of  relativistic  energy  and 
momentum  which  are  based  squarely  on  the  invariance 
of  the  interval,  equation  (6)  above.  Thus,  high 
energy  physics  makes  continuing  use  of  tne  Einstein- 
ian  concept  of  time. 


16 


Atomic  Clocks  Carried  in  Commercial  Aircraft  on 
Around  the  World  Flights 


In  October  of  1971,  J.C.  Hafele  and  R.E. 
Keating-*-’  first  demonstrated  the  relativistic  ef¬ 
fects  on  time  for  macroscopic  atomic  clocks  by 
carrying  an  ensemble  of  four  commercial  cesium 
beam  clocks  (Hewlett-Packard  Model  No.  5061) 
belonging  to  the  U.S.  Naval  Observatory  around  the 
world  on  scheduled  airline  flights,  first  in  the 
eastward  direction,  and  six  days  later  in  the  west¬ 
ward  direction.  The  combination  of  the  surface 
velocity  of  the  earth  due  to  its  rotation  with  the 
velocity  of  the  jet  aircraft  leads  to  the  predic¬ 
tion  of  an  asymmetry  in  the  relativistic  effects 
for  the  different  circumnavigation  senses.  The 
gravitational  potential  effect  due  to  the  altitude 
of  the  aircraft  needs  to  be  included.  The  follow¬ 
ing  table  gives  their  published  values  of  the  pre¬ 
dicted  effects: 


Effect 

Potential 

Velocity 

Net 

Trip  duration 


Eastward 

144  ±  14  ns 
-184  ±  18  ns 
-  40  ±  23  ns 
65.4  hrs. 


Westward 

179  ±  18  ns 
96  ±  10  ns 
275  i  21  ns 
80.3  hrs. 


The  uncertainties  are  from  a  lack  of  sufficiently 
detailed  knowledge  of  the  velocity,  altitude,  and 
position  of  the  airplanes  during  the  flights. 


The  ensemble  of  clocks  were  lntercompared  to 
1  ns  once  an  hour  in  order  to  identify  any  rate 
changes  of  individual  clocks  with  respect  to  the 
average.  Several  such  rate  changes  were  identified 
and  corrected  for  in  arriving  at  the  measured  re¬ 
sults.  The  systematic  error  in  this  procedure  is 
given  as  ±30  ns.  Corrections  for  temperature  and 
pressure  changes  were  not  made.  The  measured 
values  of  the  average  time  difference  with  respect 
to  the  stay-at-home  clocks  at  the  U.S.  Naval  Obser¬ 
vatory  are  given  as: 


Eastward  -59  ns 
Westward  ±273  ns 


The  comparison  with  the  predictions  seems  to  show 
an  uncertainty  of  about  13%  for  the  westward  direc¬ 
tion,  but  much  worse  for  the  eastward  direction. 

It  is  difficult  to  assign  an  uncertainty  for  the 
comparison  of  the  individual  potential  and  velocity 
effects,  but  their  existence  is  certainly  demon¬ 
strated. 

Atomic  Clocks  Carried  in  an  Aircraft  on  Local 
Flights  with  Rad.-r  Tracking  and  Laser  Pulse  Time 
Comparison 


Participants.  These  experiments  were  conduct¬ 
ed^  by  the  author  and  L.S.  Cutler,  R.A.  Reisse, 
R.E.  Williams,  J.D.  Rayner,  C.A.  Steggerda,  J. 
Mullendore,  S.  Davis,  L.  Small  and  B.  Duvall  (all 
at  the  University  of  Maryland  except  L.S.  Cutler, 
who  is  at  Hewlett-Packard)  during  the  period  from 
May,  1975  through  January,  1976  with  the  support 
of  the  U.S.  Navy, 37  especially  the  Time  Services 
Division  of  the  U.S.  Naval  Observatory  and  its 
Director,  G.M.R.  Winkler.  The  Hewlett-Packard 


Model  5061  High  Performance  (Option  004)  cesium 
atomic  clocks  used  were  provided  by  the  observatory. 
They  were  modified  to  improve  their  performance 
under  the  guidance  of  L.S.  Cutler, 38  who  had  been 
responsible  for  the  original  design  at  Hewlett- 
Packard.  We  were  kindly  lent  two  hydrogen  masers 
for  the  ground  clock  set  made  by  H.  Peters  by  the 
Goddard  Space  Flight  Center, 39  which  also  lent  us 
the  trailer  used  in  the  experiments.  Three  rubidium 
optically  pumped  frequ^x^,  standards  made  by  Efratom 
were  included  in  each  cxock  set. 

Theoretical  Framework.  Our  experiments  mea¬ 
sured  the  difference  in  proper  time  recorded  by 
the  aircraft  clock  set,  x  ,  and  the  proper  time 
recorded  by  the  ground  clock  set,  x^.  The  prediction 
of  general  relativity  is 

TA  =  \  (1  +  $A/c2  -  v^/2c2)  dt  (39) 

o 

f  T  2  v^  0 

tG  =  I  (1  +  *A/c  -  VG/2c“)  dt  (40) 

o 

v-  'G  -  f  «♦*  -  "g)/c2  -  <\  -  <«> 

0 


We  used  short  pulses  of  laser  light  to  carry  out 
the  comparison  of  clock  readings  between  the  ground 
and  the  airplane  as  prescribed  by  Einstein,  equa¬ 
tion  (1)  above.  The  appropriate  spacetime  diagram 
for  the  laser  pulse  time  comparison  is  shown  below. 

Ground 


The  inertial  system  in  which  the  integral  (41)  is 
to  be  evaluated  is  centered  on  the  freely  falling 
earth  and  is  non-rotating  with  respect  to  distant 
matter,  as  shown  in  the  following  diagram. 
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The  vector  velocity  vA  in  the  inertial  system  is 
given  by 

-+  *  -v  -v 

vA  =  v^  +  u  x  r  (42) 


whose  vA  is  the  velocity  of  the  aircraft  vjith  re¬ 
spect  to  the  surface  of  the  earth  and  w  x  r  is  the 
surface  velocity  of  the  rotating  earth  whose  angu¬ 
lar  velocity  is  u.  The  Radius  vector  to  the  loca¬ 
tion  of  the  aircraft  is  r.  When  v  is  squared  to 
insert  in  equation  (41) ,  one  obtains 

2 

2  A  4*  4  4  4  “4.2  .  , 

v.  =  v.  +  2  v.  •  (<d  x  r)  +  (u  x  r)  (4j) 

A  A  A 


The  underlined  term  in  the  above^ejuation  is  just 
twice  the  eastward  component  of  v^  multiplied  by 
the  eastward  surface  velocity  v^  =  a  r  cos  0,  where 
6  is  the  latitude.  It  is  this  term  which  leads  to 
the  asymmetry  in  the  around  the  world  flights  des¬ 
cribed  above,  since  it  is  positive  for  eastward 
flights  and  negative  for  westward  flights.  In  our 
local  flights,  its  integral  was  too  small  to  be 
measured. 

Airborne  Equipment.  A  schematic  diagram  of 
the  experiment  is  given  below.  The  aircraft  was  a 
Navy  P3C  anti-submarine  patrol  plane,  capable  of 
flights  of  15  to  16  1  irs  duration  at  altitudes  up 
to  35,000  feet.  Figure  11  is  a  picture  of  our  air¬ 
craft,  P3C  912,  in  flight.  On  board  tne  plane  was 
an  ensemble  of  three  Hewlett-Packard  cesium  clocks 


*1  ’> 
Pull* 


carefully  packaged  to  provide  a  very  well  controlled 
environment  along  with  an  environmentally  controlled 
set  of  three  Efratom  rubidium  clocks,  the  entire 
collection  of  clocks  and  environmental  package  being 
called  a  "clock  box."  This  is  shown  in  Figure  12 
in  position  on  the  aircraft.  Also  on  board  were  an 
event  timer,  capable  of  measuring  the  epoch  of  an 
event  with  a  precision  of  0.1  nanosecond,  a  NOVA  2 
minicomputer  and  associated  LINO  magnetic  tape  unit, 


a  strip  chart  recorder  for  visual  monitoring  of 
clock  phases  and  temperatures,  a  dry  nitrog  n  tank 
for  the  pressure  control  system,  and  a  non-environ- 
mentally  controlled  traveling  clock.  This  equipment 
is  shewn  in  Figure  13.  Intercomparison  of  the 
epochs  of  the  zero-crossings  of  the  5  MHz  clock  out¬ 
puts  was  made  every  200  seconds.  The  reflection  of 
laser  light  pulses  from  the  aircraft  was  accom¬ 
plished  by  placing  an  optical  corner  reflector  of 
the  type  developed  for  the  lunar  laser  ranging  ex¬ 
periment^1  beside  the  forward  observing  window  on 
the  aircraft  as  shown  in  Figure  14.  A  photomulti¬ 
plier  equipped  with  neutral  density  filters  and  a 
100  Angstrom  band  pass  filter  was  housed  as  shown 
in  Figure  15  so  that  it  could  be  pointed  by  hand 
from  inside  the  forward  observing  window  toward  the 
laser  transmitter  on  the  ground.  The  epoch  of  the 
received  laser  pulses  on  the  plane  was  measured  by 
the  event  timer  in  the  proper  time  of  the  plane  and 
stored  in  the  computer  where  it  could  be  read  out 
and  communicated  to  the  ground  by  voice  radio  link. 

Ground  Equipment.  On  the  ground  at  the 
Patuxent  Naval  Air  Test  Center,  a  trailer  contained 
an  identical  clock  box  (Figure  16) ;  event  timer  and 
NOVA  2  minicomputer  with  standard  magnetic  tape, 
disk,  and  tektronix  graphics  terminal  for  analyzing 
and  displaying  the  data  (Figure  17) ;  and  two  hydro¬ 
gen  masers  (Figure  18) .  Figure  19  Shows  the  air¬ 
craft  parked  alongside  the  trailer  for  direct  com¬ 
parison  by  coaxial  cable  of  the  aircraft  and  ground 
clock  sets  before  and  after  flights.  Between 
flights  in  the  absence  of  the  aircraft,  both  clock 
boxes  and  the  airborne  electronics  were  housed  in 
the  trailer.  On  the  five  separate  fifteen  hour 
flights,  one  box  was  flown  three  times  and  the  other 
twice.  Figure  20  shows  Dr.  Williams  and  Dr.  Reisse 
preparing  to  transfer  a  clock  box  to  the  plane, 
into  which  it  had  to  be  inserted  through  the  narrow 
hatch  shown  in  Figure  21.  The  Installation  of  the 
electronics  and  clock  box  in  the  P3C  aircraft  typi¬ 
cally  required  a  day  and  a  half. 

Laser  Light  Pulse  Time  Comparison.  The  laser 
transmitting  and  receiving  equipment  was  located  in 
the  van  at  the  corner  of  the  hangar  in  Figure  19. 

The  beam  directing  optics  is  pictured  in  Figure  22 
and  illustrated  schematically  in  the  above  diagram. 
Underneath  the  laser  was  located  a  7.5  inch  tele¬ 
scope^  which  was  used  with  a  beam  splitter  both  to 
detect  the  reflected  laser  light  with  a  photomulti¬ 
plier  tube  and  to  track  the  plane  with  closed  cir¬ 
cuit  television.  This  equipment  in  the  van  is  shown 
in  Figure  23.  The  laser  is  a  frequency  doubled 
neodymium  YAG  system  utilizing  a  mode-locked  oscil¬ 
lator  with  pulse  extraction  and  subsequent  amplifi¬ 
cation,  emitting  a  pulse  10  times  a  second  with 
energy  of  0.5  millijoules  and  duration  of  100 
picoseconds.  The  aircraft  was  flown  mainly  at  night 
with  its  landing  lights  on  to  enhance  the  contrast 
for  acquiring  and  tracking  it  visually.  The  flights 
approximated  the  path  in  a  clockwise  sense  shown  in 
the  following  map.  The  cone  shows  the  acceptance 
angle  for  the  laser  light  pulse  to  be  reflected 
back  by  the  corner  reflector.  The  time  comparisons 
were  made  on  the  near  side  of  each  circuit,  witi. 
occasional  gaps  due  to  cloud  cover  or  equipment 
difficulties.  The  aircraft  was  acquired  optically 


18 


shown  in  Figures  27  and  28. 


shortly  before  the  laser  time  comparison  by  point¬ 
ing  in  the  direction  communicated  by  the  Chesapeake 
Test  Range  which  tracked  the  aircraft  continuously 
with  radar.  The  laser  beam  had  a  divergence  of 
about  0.5  milliradians,  which  illuminated  about 
one-half  the  length  of  the  aircraft  at  the  slant 
range  of  about  twelve  miles.  The  required  preci¬ 
sion  pointing  was  provided  by  Steve  Davis  working 
with  coarse  and  fine  Heath  kit  model  airplane 
controllers  setting  elevation  and  azimuth  rates 
for  the  beam  directing  optics.  The  controllers 
and  closed  circuit  TV  display  are  shown  in  Figure 
24,  while  Figure  25  displays  the  landing  lights  as 
seen  on  the  TV  screen.  When  the  laser  pulse  was 
hitting  the  corner  reflector,  the  return  flashes 
were  seen  on  the  screen  and  could  also  be  seen  by 
the  eye  if  one  stood  next  to  the  laser  beam.  At 
the  plane,  the  laser  light  was  very  bright  (but 
considerably  below  eye  damage  levels) ,  actually 
casting  shadows  in  the  darkened  interior  of  the 
plane.  An  inadequate  view  of  the  laser  transmitter 
and  runways  as  seen  from  the  plane  at  twilight  is 
shown  in  Figure  26.  (This  is  one  frame  from  a 
color  motion  picture  film.  It  can  be  seen,  along 
with  other  parts  of  the  experiments,  in  the  BBC  TV 
program,  "Einstein's  Universe,"  presented  on  public 
television  as  part  of  the  Einstein  Centennial  acti¬ 
vities)  . 

Radar  Tracking.  An  essential  part  of  the  ex¬ 
periment  was  the  continuous  measurement  of  the  air¬ 
craft  altitude  and  velocity  during  flight  by  radars 
at  the  Chesapeake  Test  Range  located  about  two 
miles  from  the  ground  clock  set.  At  intervals 
during  flights,  the  angular  measurements  of  the 
radars  were  calibrated  by  optical  theodolities . 

The  radar  data  was  used  to  compute  the  relativistic 
time  integral,  equation  (41),  with  an  accuracy 
considerably  better  than  that  of  the  atomic  clock 
measurements  themselves,  so  that  the  clock  perform¬ 
ance  itself  determined  the  accuracy  of  the  compari¬ 
son  with  general  relativity.  The  Chesapeake  Test 
Range  and  a  closeup  of  one  of  the  antennas  are 


Clock  Performance.  Typical  atomic  clock 
stabilities  of  2  to  3  parts  in  lCr*  for  an  averagir 
time  of  one  day  were  achieved  with  commercial 
Hewlett-Packard  5061  high  performance  standards  by 
making  several  modifications  to  them  and  by  main¬ 
taining  a  rigorously  controlled  environment.  A 
plot  of  the  experimentally  measured  Allan  variance 
a  (2;  t)  for  five  separate  standards  compared  with 
the  sixth  is  given  below.  The  modifications  con¬ 
sisted  of  a  proprietary  change  in  the  beam  tube 


Number  of  point*  of  sample 

457  216  106  51  23  12  5 

Confidence 


which  is  now  standard  on  all  HP5061  high  perfor¬ 
mance  units;  the  addition  of  an  additional  inte¬ 
gration  in  the  quartz  crystal  control  loop  to 
reduce  frequency  offset  due  to  steps  or  ramps  in 
the  crystal  frequency,  (now  available  as  an  option 
from  Hewlett-Packard);  and  the  increase  of  the 
beam  current  by  a  factor  of  about  two  by  raising 
the  oven  temperature  (also  available  as  an  option 
from  Hewlett-Packard) ,  which  increases  short  term 
frequency  stability  at  the  expense  of  tube  life¬ 
time.  A  simple  block  diagram  of  the  standard  is 
given  below  showing  the  extra  integration  and 
additional  buffer  amplification  to  aid  in  the 
intercomparison  of  the  clocks.  The  modifications 
were  carried  out  at  Maryland  with  the  supervision 
and  active  participation  of  L.S.  Cutler.  Figure 
29  shows  him  tuning  up  the  ensemble  of  clocks 
before  they  were  inserted  into  the  clock  boxes. 
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BLOCK  01A6RAM  OF  HP  5061  CESIUM  BEAM  ATOMIC  CLOCK 


5  MHi 
OUTPUTS 


Clock  Packaging  for  Environmental  Control. 
Careful  environmental  control  was  maintained  to 
keep  small  any  changes  in  temperature,  pressure, 
magnetic  fields,  or  supply  voltages.  Isolation 
from  vibrations  and  shocks  was  provided.  These 
controls  were  accomplished  by  mounting  each  set 
of  three  clocks  in  a  clock  box,  shown  opened  in 
Figure  30.  The  objective  was  to  control  the 
environment  so  that  any  changes  would  affect  the 
clock  stability  by  less  than  10”  .  The  clocks 

were  mounted  vertically  in  individual  magnetic 
shields  of  60  mil  thick  Mo-Permalloy.  After  the 
magnetic  lid  was  put  on  (See  Figure  31) ,  individual 
clocks  were  degaussed.  To  remove  heat  from  the 
clocks,  and  to  control  their  temperature,  air  was 
circulated  by  an  individual  fan  through  each  of 
the  magnetic  shields,  entering  at  the  top  though 
the  hoses  shown  in  Figures  31  and  32  after  passing 
a  heater  controlled  by  feedback  from  a  distributed 
array  of  thermistors  within  the  magnetic  shield. 

The  air  exited  a  shield  through  holes  at  its  bottom 
and  flowed  along  the  interior  bottom  of  the  pres¬ 
sure  controlled  aluminum  clock  box,  losing  heat  to 
the  •.Mtside  through  conduction.  Variable  speed 
fans  ontrolled  the  flow  of  external  air  over  the 
bottor.  of  the  clock  box,  the  rate  being  controlled 
autom  itically  by  the  external  temperature.  (We 
arc  .ndebted  to  Dr.  J.P.  Richard  of  the  University 
A  Maryland  for  this  and  other  advice  concerning 
the  temperature  control).  The  temperature  at  in¬ 
dividual  points  in  the  clocks  was  kept  constant  to 
about  0.060°K.  The  temperature  of  the  air  changed 
by  about  10°  in  flowing  through  a  magnetic  shield. 

The  clock  box  was  nearly  hermetically  sealed 
when  the  lid  was  attached  and  either  dry  nitrogen 
or  dry  air  was  fed  to  it  from  a  Granville-Phillips 
feedback  controlled  value  to  keep  the  pressure 
constant  to  less  than  1  Torr  at  a  value  slightly 
above  sea  level  atmospheric  pressure.  To  allow 
for  possible  decompression  of  the  aircraft  cabin 
pressure  at  high  altitudes,  the  clock  box  was  made 
very  strong  with  walls  of  *5  inch  thick  aluminum. 
This  also  isolated  the  clocks  from  acoustic  noise. 


The  isolation  against  vibration  and  shock  was 
achieved  by  mounting  the  box  on  four  pneumatic 
Barry  mounts  which  gave  a  resonant  frequency  of 
about  3  Hz.  Almost  critical  damping  was  achieved 
by  using  expansion  cylinders  following  an  adjusta¬ 
ble  orifice,  which  led  to  an  increase  of  isolation 
of  12  db  per  octave.  The  characteristic  frequencies 
of  the  aircraft  were  around  80  Hz.  Sway  of  the  box 
in  the  aircraft  was  restrained  by  a  cushioned  re¬ 
tainer  ring  acting  on  a  vertical  post  extended  up¬ 
ward  from  the  box.  Strong  flexible  cables  were 
fastened  around  the  isolaters  to  restrain 

the  1000  lb.  box  in  the  event  of  an  accident. 

The  clock  box  lid  carried  the  voltage  regula¬ 
tion  and  pressure  control  equipment  as  well  as  the 
environmental  control  box  for  the  Efratom  rubidium 
clocks,  which  can  be  seen  on  the  left  in  Figure  33. 
Similar  control  procedures  were  followed  for  these 
clocks,  but  they  proved  much  more  susceptible  than 
the  cesium  standards  to  the  shocks  of  landing  and 
take-off,  those  events  producing  rate  changes.  For 
this  reason,  the  rubidium  data  is  not  very  useful 
for  relativity  measurements  and  will  not  be  present¬ 
ed  here. 

Significant  Features.  Some  of  the  significant 
features  of  the  experiments  are  listed  below: 

^Ensembles  of  Clocks  on  Ground  and  in  Aircraft 

Clocks  in  each  ensemble  intercompared 
among  themselves  every  200  seconds. 

* Careful  Environmental  Control 

-Temperature  stability  AT  <  0.060°K  (rms) 
-Pressure  stability  AP  <  1  Torr 
-Magnetic  shielding 
-Vibration  and  shock  isolation 
-Voltage  regulation 

-1A 

Effect  on  clock  stability  <  10 
No  need  for  systematic  corrections 

* Return  £f  Clocks  for  Post  Flight  Comparison 

No  rate  changes  observed  for  cesium 
standards  beyond  statistical  expectation 
for  stationary  clocks. 

*Repeated  Measurements 

-Clock  Box  1j  3  flights 
-Clock  Box  2:  2  flights 

-5  Test  flights  of  2  hours  duration  each 
to  study  and  improve  performance  of 
experiment. 

* Laser  Light  Pulse  Time  Comparison  During 
Flights 

-No  Doppler  Effect  Complications 
-Technique  of  value  for  future  space  ex¬ 
periments  since  optical  pulses  are 
little  affected  by  the  ionosphere  and 
solar  corona. 

-First  realization  of  Einstein's  1905  pre¬ 
scription  for  comparing  separated 
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clocks  with  light  pulses. 

*Flying  Clocks  Experience  ^  .1  .g  of  Most  of 
Time 

-No  relaxation  of  stresses  as  occurs  in 
free  fall. 

-Periods  of  steady  acceleration  limited 
to  take-off  and  landing, 

-Plane's  rotations  made  slowly  to  avoid 
Coriolis  effects  on  cesium  beams. 


develop  during  the  flight  for  the  gravitational  and 
velocity  effects  separately  and  for  the  net  effect. 
The  plotted  points  with  error  bars  (±  'v  0.3  ns)  are 
the  laser  light  pulse  comparisons. 

The  direct  comparison  measurements  of  the  5 
MHz  clock  phases  before  and  after  the  flight  are 
shown  in  the  following  plot  along  with  the  laser 
pulse  comparisons  which  were  made  when  the  plane 
was  on  the  ground  as  well  as  in  the  air.  The  solid 
lines  are  the  comparison  of  the  "paper  clocks," 


Experimental  Results.  Although  much  detailed 
data  exists  from  the  five  15  hour  flights,  only  a 
representative  sampling  can  be  given  here,  which  is 
taken  from  the  flight  of  November  22,  1975.  Shown 
below  is  a  plot  of  the  predicted  effect  of  gravi¬ 
tational  potential  and  of  velocity  on  the  rate  of 
the  aircraft  clock  set  with  respect  to  the  ground 
clock  set  calculated  from  the  radar  tracking  data. 


WXRS 


2 

The  upper  curve  is  a  plot  of  ($  -  cj>  )/c  which  is 
seen  to  average  about  10”  .  The  steps  in  this 

quantity  are  caused  by  the  need  of  the  aircraft  to 
remain  at  25,000  feet  for  5  hours  while  burning 
off  fuel  to  enable  it  to  climb  to  30,000'  feet  tor 
another  5  hours,  before  being  light  enough  to  climb 
to  35,000  feet  for  the  final  5  hours.  The  lower 
curve  is  a  plot  of  V^*2/2c^,  the  velocity  effect 
due  to  motion  of  the  plane  with  respect  to  the 
ground  at  the  Chesapeake  Test  Range.  The  oscilla¬ 
tions  are  due  to  the  effect  of  winds  as  the  plane 
circles.  The  average  value  of  this  effect  is  seen 
to  be  about  10“  ,  corresponding  to  an  average 

speed  of  138  m/s.  The  second  and  th^rd  terjps  o£ 
equation  (43)  are  not  plotted  siijce  V/^*  •  (u  x  r) 
will  integrate  to  zero  and  (m  x  r)^  will  be  nearly 
cancelled  by  a  similar  term  for  the  ground  clocks. 
The  lower  plots  are  the  integrals  of  the  upper 
curves  over  the  15  hour  flight,  showing  the  time 

difference  Ax  =  t  -  x  as  it  was  predicted  to 
A  G 


that  is  the  averages  of  the  three  cesium  clocks  in 
each  clock  set.  The  irregular  form  is  due  to  the 
intrinsic  clock  time  fluctuations.  In  this  plot, 
the  difference  in  rates  between  the  clock  sets 
established  before  the  flight  has  been  subtracted 
out.  The  actual  rates  are  shown  in  the  following 
plot  of  the  laser  time  comparison. 
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The  gap  in  the  preflight  data  was  caused  by  the 
need  of  the  laser  operator  to  sleep  before  the 
flight.  The  effect  of  the  steps  in  altitude  on 
the  flying  clock  rates  can  be  seen  by  plotting  the 
laser  comparisons  during  flight  in  an  expanded 
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scale  as  is  done  below.  The  only  change  the  clocks 


experienced  was  the  change  in  gravitational  poten¬ 
tial. 


It  is  also  of  interest  that  the  flying  clocks 
continued  to  behave  with  respect  to  one  another 
exactly  the  same  during  the  flights  as  before  and 
after.  This  is  illustrated  by  the  following  plot 
of  the  time  of  flying  clock  II 3  with  respect  to  the 
average  of  the  three  flying  clocks.  Similar  data 
exists  for  each  clock  on  each  flight.  When  com¬ 
pared  to  the  ground  paper  clock,  however,  flying 


Flymq  Clock  *3  versus  Aecroft  Poper  Clock 
Flight  of  November  22,  1975 
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Flying  Clock  #  3  versus  Ground  Poper  Clock 
Flight  ot  November  22, 1975 
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there  is  some  scatter.  Below  is  plotted  a  histogram 
for  the  ratio  of  the  measured  time  difference  to 
that  calculated  from  General  Relativity  using  the 
radar  data.  The  predictions  had  an  uncertainty  no 
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more  than  ±  0.5%.  The  formal  standard  deviation  of 
the  mean  was  0.011.  To  allow  for  possible  system¬ 
atic  efforts,  we  are  currently  estimating  (conser¬ 
vatively)  an  uncertainty  of  ±  0.016.  The  result 
is : 


_  Measured  Effect _ “  0.987  ±  0.016 

Calculated  Effect  (General  Relativity) 


clock  II 3  showed  a  step  as  seen  in  the  next  plot. 
(The  black  marks  fusing  into  a  thick  bar  are  re¬ 
corded  when  a  data  point  is  absent  for  the  direct 
comparison  of  the  5  MHz  phases,  as  was  the  case 
during  the  flight).  The  step  in  -  t  is,  of 
course,  the  result  of  the  relativistic  effects 
during  the  flight. 

If  one  treats  each  cesium  clock  on  each  of 
the  five  flights  as  an  individual  measurement, 


The  measured  behavior  of  macroscopic  clocks  in  air¬ 
craft  flights  -  a  "human  scale"  type  of  situation  - 
exhibits  the  remarkable  properties  of  Einsteinian 
time  within  the  accuracy  of  measurement  of  about  1%! 

Atomic  Clocks  Carried  in  an  Aircraft  on  Global 
Flights  With  Inertial  Navigation  and  Radar  Alti¬ 
metry. 

Participants.  The  flights  were  conducted 
in  June  and  July,  1977  by  the  same  group  (from 
the  University  of  Maryland  and  Hewlett-Packard) 
which  conducted  the  local  flights  described  ^ 
above  with  similar  equipment.  The  Air  Force 
joined  the  Navy  in  supporting  the  experiments  by 
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providing  a  C141  long  range  transport  aircraft  from 
the  Wright  Patterson  Air  Force  Base,  assistance  in 
reconfiguring  the  equipment,  and  ground  support 
facilities  at  the  Andrews  Air  Force  Base  in  Mary¬ 
land  near  Washington,  O.C. 


speed  of  the  rotating  earth.  Vg/2  is  the  "centri¬ 
fugal  potential,  and  4>  is  the  gravitational  poten¬ 
tial,  both  of  which  change  with  latitude  such  that 
the  combination  has  a  constant  value  independent  of 
latitude, 


Purpose.  The  purpose  of  the  flights  was  to 
study  experimentally  the  implications  of  General 
Relativity  for  the  elapse  of  proper  time  at  dif- 
erent  latitudes  on  the  spinning  earth,  freely  fall¬ 
ing  towards  the  sun  as  it  moves  in  its  orbit. 

Clear  understanding  of  these  implications  is  of 
great  practical  importance  for  worldwide  time 
keeping,  and  will  be  discussed  later.  Clarifica¬ 
tion  of  the  concepts  by  means  of  simple  experiments 
aids  in  the  development  of  physical  intuition. 

Null  Change  of  Ptoper  Time  with  Latitude.  On 
the  spinning  earth,  general  relativity  predicts  a 
null  effect  on  proper  time  as  one  moves  a  clock 
from  the  equator  to  the  pole  along  the  mean  ocean 
surface.  This  was  discussed  earlier  in  the  sections 
on  tneory  in  relation  to  Einstein's  discovery  of 
the  effect  of  gravity  on  time.  His  1905  prediction 
that  a  clock  at  the  equator  would  run  slow  with 
respect  to  one  at  the  pole  ignores  the  influence  of 
gravitational  potential  since  he  did  not  discover 
it  until  1907.  If  the  earth  were  a  homogeneous 
perfect  sphere  as  shown,  the  gravitational  poten¬ 
tial  would  be  the  same  everywhere  on  the  earth's 


Surface  velocity  =0 
at  pole 

Surface  velocity  maximum 
at  equator 


surface  and  the  1905  prediction  would  be  correct. 
However,  the  earth  has  the  shape,  to  first  order, 
of  an  oblate  ellipsoid  due  to  its  spin,  as  shown 
in  exaggerated  form  in  the  following  sketch.  The 
gravitational  potential  $  Q^e>  at  the  pole  is  less 


than  that  of  the  equator,  ij>  ,  since  the  pole  is 

closer  to  the  center  of  theeSarth.  The  surface  of 

the  oceans  of  the  earth  is  determined  by  the 

"geopotential,"  $  -  V^/2,  where  V  is  the  surface 
o  s 


4  - 


constant 


(44) 


along  the  ocean  surface.  From  the  earlier  discus¬ 
sion  of  the  theory,  it  will  be  recalled  that  the 
relation  between  a  proper  time  increment  Ax  and  a 
coordinate  time  increment  At  is 


At  =  (1  +  —^2 

c 


■4r)  At  (45) 
2c 


for  the  weak  gravity  and  slow  velocities  which  ex¬ 
ist  at  the  earth's  surface.  Thus,  along  a  surface 
of  constant  geopotential,  the  relation  of  proper 
time  to  coordinate  time  is 


Ax 


(1  + 


constant 

2 

c 


At 


(46) 


and  all  standard  clocks  at  mean  sea  level  are  pre¬ 
dicted  to  run  at  the  same  rate  independent  of 
latitude. 

Experimental  Results  for  Flight  to  Thule.  To 
check  this  null  prediction,  a  clock  box  containing 
three  cesium  standards  was  transported  in  an  Air 
Force  C141  from  Washington,  D.C.  to  Thule  Air  Force 
Base  in  Greenland  as  shown  In  the  polar  photograph 
of  a  globe  in  Figure  34,  this  being  the  largest 
conveniently  accessible  latitude  change  in  one 
hemisphere.  The  latitude  of  Thule  is  76°  32'  and 
that  of  Washington  is  38  49'.  After  a  number  of 

local  test  flights  with  the  reconfigured  equipment 
in  the  C141  aircraft,  the  flight  to  Thule  was  under¬ 
taken  on  June  23,  1977,  after  several  days  of 
problem-free  comparison  with  the  ground  clocks,  as 
a  combination  of  long  test  flight  and  global  mea¬ 
surement.  The  plane  was  kept  on  the  ground  at 
Thule  for  four  days  and  returned  on  June  27. 

Although  the  radar  altimeter  failed  about  2  hours 
before  arrival  at  Thule  and  had  to  be  replaced  by 
one  flown  in  on  a  regular  Air  Force  flight,  the 
experiment  was  generally  successful.  Using  the 
inertial  navigation  data  and  radar  and  pressure 
altimeters  to  evaluate  the  relativistic  integral, 
equation  (41) ,  and  making  direct  electrical  compar¬ 
isons  of  the  aircraft  and  ground  clock  sets  before 
and  after  the  flight  as  had  been  done  for  the  local 
flights  from  the  Patuxent  Naval  Air  Test  Center, 
but  with  pre  and  post  flight  periods  of  several 
days,  the  following  comparison  was  obtained. 

Measured:  x  -  x_  =  38  ns  ±  5  ns 

A  (j 

Calculated:  x,  -  x  =  35  ns  ±  5  ns 

A  G 


23 


The  time  difference  measured  agrees  within  errors 
with  that  predicted  for  the  flights  to  and  from 
Thule.  There  is  no  evidence  for  any  anomalous 
latitude  effect.  The  "Einstein  Error"  of  1905  - 
not  including  the  gravitational  effects  -  would 
have  predicted  a  time  difference  of  an  additional 
56  ns  per  day,  or  a  total  of  226  ns  for  the  four 
day  dwell  time!  Because  the  aircraft  had  to  be 
used  for  other  purposes  starting  August  1,  it  was 
not  possible  to  repeat  the  Thule  flight  or  to  make 
flights  from  Washington  to  Panama  to  check  further 
the  null  prediction.  It  was  deemed  more  important 
to  use  the  remaining  time  to  transport  the  clocks 
to  Christ  Church,  New  Zealand. 

Reconfigured  Equipment  for  C141  Aircraft. 

Before  describing  the  purpose  and  results  of  the 
northern  to  southern  hemisphere  flights,  the  recon¬ 
figured  equipment  and  the  ground  base  at  the 
Andrews  Air  Force  Base  will  be  briefly  discussed. 
Figure  35  shows  a  front  view  of  the  equipment  being 
assembled  on  an  aluminum  frame  in  the  shop  of  the 
University  of  Maryland.  The  clock  box,  seen  on 
the  left,  was  rewired  to  meet  rigorous  Air  Force 
requirements.  It  was  also  mounted,  on  improved 
pneumatic  supports  at  the  height  of  its  center  of 
mass  to  reduce  the  sway  encountered  with  the  former 
bottom  mounting.  The  minicomputer,  event  timer, 
tape  recorder,  chart  recorder,  and  other  electron¬ 
ics  were  mounted  in  an  Air  Force  furnished  rack 
which  included  some  vibration  and  shock  isolation 
between  the  inner  structure  and  the  outer  structure 
which  was  bolted  to  the  main  frame. 

Figure  36  is  a  rear  view  of  the  frame  and 
equipment.  A  special  regulated  power  supply  capa¬ 
ble  of  working  from  either  60Hz  or  400Hz  was  con¬ 
structed  to  power  the  clocks  and  other  equipment. 

It  included  enough  Sears  Die  Hard  batteries  in  a 
special  vented  container  to  operate  the  clocks  for 
at  least  12  hours  in  the  event  of  failure  of  other 
sources.  This  apparatus  is  seen  on  the  left,  being 
worked  on  by  technician  Lyndon  Small. 

The  entire  frame  was  surrounded  by  double  wall 
plywood  panels  containing  insulation  and  was  mount¬ 
ed  on  a  standard  Air  Force  7  foot  by  9  foot  cargo 
pallet.  Figure  37  is  a  picture  of  the  complete 
assembly  in  a  prefabricated  garage  structure  built 
at  the  Andrews  Air  Force  Base  to  contain  the  equip¬ 
ment  between  flights.  The  hoses  on  the  back  panel 
circulate  temperature  controlled  air  into  and  out 
of  the  large  insulated  enclosure.  Two  Sears  window 
air  conditioners  provide  cooling.  Heaters  in  the 
flat  plenum  on  the  left  were  used  for  fine  temper¬ 
ature  control  which  could  be  maintained  to  a  few 
degrees.  This  enclosure  solved  one  of  the  major 
problems  —  the  large  variation  with  time  of  the 
temperature  within  the  aircraft  during  flights, 
and  on  the  ground.  The  mounting  on  the  cargo 
pallet  allowed  the  equipment  to  be  placed  on  the 
C141  or  removed  from  it  in  about  10  minutes  compared 
with  about  one  and  a  half  days  for  the  earlier  ex¬ 
periments  with  the  Navy  P3C  aircraft.  Figure  38 
shows  the  C141,  garage,  trailer  housing  the  ground 
clocks,  and  van  containing  the  ground  computer 
equipment.  Figure  39  shows  the  tail  assembly  of 
the  C141  with  the  petal  doors  which  can  open  to 


receive  the  pallet  with  its  clock  equipment.  The 
first  transfer  of  the  equipment  (without  its  front 
insulating  panel)  from  the  garage  to  the  plane  is 
shown  in  Figures  40  through  44^.  The  installed 
equipment  with  Len  Cutler  standing  in  front  is  seen 
in  Figure  45.  During  an  actual  flight,  the  equip¬ 
ment  is  shown  from  the  front  in  Figure  46  and  from 
the  rear  in  Figure  47.  Enough  seats  were  installed 
to  accommodate  the  eight  University  of  Maryland 
people  and  fourteen  Air  Force  personnel  who  went  on 
each  flight.  In  addition  to  the  crew  for  operating 
the  plane,  there  were  technicians  to  operate  and 
maintain  the  gasoline  powered  portable  electrical 
generators,  portable  air  conditioners,  and  portable 
heaters  needed  to  power  the  plane  and  provide  tem¬ 
perature  control  of  its  interior  during  dwell  times 
on  the  ground  at  the  remote  sites  and  at  Andrews 
Air  Force  Base  before  and  after  flights.  The  trans¬ 
portation  of  this  equipment,  some  of  it  in  dupli¬ 
cate,  required  the  large  storage  capacity  of  the 
aircraft.  It  was  essential  in  maintaining  continu¬ 
ous  operation  of  the  clocks  in  an  adequate  environ¬ 
ment  in  the  interior  of  the  plane  at  the  remote 
sites,  and  during  the  12  hour  layovers  in  Hawaii 
on  Christ  Church  flights. 

Two  Carousel  IV  inertial  navigation  systems, 
a  radar  altimeter,  and  a  pressure  altimeter  were 
installed  on  the  aircraft  to  provide  accurate 
measurements  of  latitude  and  longitude,  velocity 
with  respect  to  the  ground,  and  altitude  above  the 
ground.  This  information  was  recorded  automatically 
in  digital  form  every  0.6  second  on  magnetic  tape 
recorders.  In  addition,  there  was  provision  for 
manual  readout  which  was  logged  every  15  minutes. 
This  log  was  used  with  a  Hewlett-Packard  97  calcu¬ 
lator  to  compute  a  running  integral  of  the  differ¬ 
ence  between  the  proper  time  on  the  aircraft  and 
the  proper  time  at  the  Andrews  Air  Force  Base  as 
the  flights  proceeded.  The  recording  and  readout 
equipment  is  seen  in  Figure  48.  At  Thule  it  was 
possible  to  place  the  aircraft  in  a  hangar,  shown 
in  Figure  49. 

The  midnight  sun  was  very  high  in  the  sky  at 
Thule  since  we  were  there  only  a  few  days  after 
the  summer  solstice.  Figure  50  showing  the  C141 
which  brought  our  replacement  radar  altimeter  was 
taken  just  before  midnight.  The  relatively  short 
shadows  cast  yy  the  sun  at  midnight  are  shown  in 
Figure  51.  The  23  .5  tilt  of  the  earth's  spin 
axis  which  causes  this  summer  solstice  on  th>  2 1st 
of  June  each  year  in  the  northern  hemisphere  made 
possible  another  experiment  which  required  (Lying 
the  clock  from  the  northern  to  the  southern  hemi¬ 
sphere. 
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Does  the  Gravitational  Potential  of  the  Sun 
Affect  Proper  Time  on  thp  Freely  Falling  Earth? 
The  following  diagram  shows  that  at  the  time  of 
the  summer  solstice  the  North  Pole  and  points  in 


l 


I  o,  23°5  at  time  of  summer  solstice 


the  northern  hemisphere  are  closer  to  the  sun  on 
the  average  (due  to  the  spin  of  the  earth)  than  the 
South  Pole  and  points  in  the  southern  hemisphere. 
Since  the  earth  is  falling  freely  towards  the  sun 
as  it  moves  in  its  yearly  orbit  around  the  sun, 
the  nearly  fixed  direction  of  the  spin  axis  affords 
the  opportunity  of  conducting  experiments  in  a 
freely  falling  laboratory  —  the  earth  as  Einstein's 
freely  falling  elevator.  At  the  time  of  the  Summer 
Solstice,  the  northern  hemisphere  is  the  "floor" 
and  the  southern  hemisphere  is  the  "ceiling,"  with 
the  positions  reversed  at  the  Winter  Solstice. 

Recalling  the  earlier  discussion  about 
Einstein's  Principle  of  Equivalence,  one  can  ask: 
is  the  gravitational  field  of  the  sun  transformed 
away  for  experiments  on  the  freely  falling  earth? 

In  particular,  will  clocks  on  the  "floor"  run  at 
the  same  rate  as  clocks  on  the  "ceiling"  even 
though  they  are  at  different  distances  from  the 
sun?  Here  we  are  taking  for  granted  the  effect  of 
gravitational  potential  difference  on  clock  rates 
as  established  by  other  experiments.  The  question 
can  be  answered  experimentally  by  transporting 
clocks  from  the  northern  to  the  southern  hemisphere 
near  the  epoch  of  a  solstice,  letting  them  dwell 
for  a  while,  and  then  returning  them  for  comparison 
with  the  stay-at-home  clocks.  From  the  theoretical 
point  of  view,  the  Principle  of  Equivalence  seems 
to  provide  a  clear  answer:  on  the  freely  falling 
earth  (strictly,  the  earth-moon  system,  but  we 
ignore  this  complication  since  its  effects  are 
small)  the  gravitational  effects  of  the  sun  are 
not  experienced,  to  first  order,  just  as  in  the 
freely  falling  Skylab  in  orbit  about  tlie  earth  the 
astronauts  experienced  no  effects  of  the  gravity 
fteld  of  the  earth,  to  first  order.  Mathematically, 
tnis  means  that  in  the  plot  of  gravitational  poten¬ 
tial  (  as  a  function  of  distance  from  the  sun,  as 
shown  in  the  sketch  below,  the  slope,  or  linear 


term  in  the  Taylor's  Series  expansion  of  about 
the  center  of  the  earth  is  subtracted  away,  leaving 
unly  the  second  order  terms.  1  These  terms  produce 
the  tides,  but  the  difference  in  b  which  they  yield 
across  the  earth's  diameter  would  produce  a  rate 
difference  in  proper  times  of  only  7  x  10--^  or 
0.62  picoseconds  per  day.  However,  the  linear 
term,  if  it  affected  phenomena  on  earth,  would  pro¬ 
duce  a  day  to  night  shift  in  clock  rates  of  about 
8  x  10-1®  or  about  75  ns  per  day.  This  question 
was  studied  carefully  by  Professor  Banesh  Hoffmann 
(author  of  the  biography  of  Einstein  recommended 
in  the  first  section  of  this  paper^)  in  1957. ^ 

He  predicted  that  no  such  effect  would  be  measured 
in  the  reference  frame  of  the  earth,  but  called  for 
experiments  to  check  the  prediction  when  clocks  of 
sufficient  accuracy  became  available. 

In  1976  the  question  was  examined  again  by 
Professor  Roman  Sexl^  who  was  seeking  an  explana¬ 
tion  for  an  erroneous  report  of  a  dependence  of 
atomic  clock  rates  on  latitude. ^  He  concluded 
that  there  should  be  a  seasonal  effect  caused  by 
the  tilt  in  the  earth's  spin  axis,  described  by  the 
equation 


14.8{sin  ©2  -  sin  0^}  • 

cos  r  t  -  21  June!  ns/day 
L  365  J 


(47) 


where  x^  and  T2  are  the  proper  times  at  latitudes 
0^  and  O2  (southern  latitudes  being  taken  as  nega¬ 
tive)  .  This  equation  results  from  the  incorrect 
retention  of  the  linear  term  in  the  expansion  of 
the  sun's  potential  as  just  discussed.  It  would  be 
correct  for  observations  conducted  from  a  frame  of 
reference  attached  to  the  sun,  but  is  wrong  for 
observations  carried  out  on  the  earth.  Professor 
Sexl  now  acknowledges  his  error/1® 

Experimental  Results  for  Flights  to  Christ 
Church.  Figure  52  shows  on  a  globe  tilted  at  23°. 5 
the  path  taken  by  our  C141  in  transporting  the 
clocks  to  Christ  Church,  New  Zealand  (latitude 
-43  29')  from  Washington,  D.C.  (latitude  38°48') 
and  the  different  average  distances  of  these  loca¬ 
tions  from  the  sun.  The  first  trip  was  made  from 
July  10  to  July  17  and  a  second  trip  from  July  23 
to  July  30.  Three  days  were  required  for  the 
travel  out  and  back,  including  %12  hour  stopovers 
in  Hawaii  each  way  and  a  2  hour  stopover  at  the 
Travis  Air  Force  Base  in  California  on  the  westward 
journey.  This  allowed  a  dwell  time  in  Christ 
Church  of  four  days.  Figure  53  shows  the  aircraft 
on  the  ground  at  the  Operation  Deep  Freeze  Antarctic 
support  base  in  Christ  Church  surrounded  by  some  of 
the  portable  electrical  generating  and  heating 
equipment  (it  was  winter  in  New  Zealand)  it  had 
carried  with  it. 

The  data  for  the  time  differences  -  x^.  are 
displayed  in  the  following  table: 
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Measured 

Calculated 

Alleged 

Value  (ns) 

Value  (ns) 

Effect  of 
Sun  (ns) 

Flight  1 

115  ±  8 

129  ±  5 

80  ±  5 

Flight  2 

131  ±  8 

118  ±  5 

70  +  5 

The  data  is  still  being  analyzed  to  correct  the 
readings  of  the  radar  altimeter  over  the  varying 
topography  of  the  continental  U.S.  to  give  altitude 
above  the  ellipsoid  rather  than  above  the  local 
topography,  but  the  changes  in  the  above  numbers 
will  not  be  large.  There  is  no  evidence,  with  a 
detection  sensitivity  of  about  10%  when  the  measured 
and  calculated  effects  are  compared,  of  the  alleged 
effect  of  the  sun. 

Hydrogen  Maser  Carried  on  Suborbital  Rocket  Flight 
With  Doppler  Cancellation  Tracking 

In  June  1976,  a  hydrogen  maser  was  carried  as 
payload  in  a  suborbital  flight  by  a  Scout  rocket 
launched  from  the  Wallops  Test  Center  of  NASA  in 
an  experiment  designed  and  conducted  by  R.F.C. 
Vessot,  M.  Levine  and  others  of  the  Harvard/Smith¬ 
sonian  Center  for  Astrophysics.^  The  purpose  was 
to  measure  with  high  accuracy  by  ground  tracking 
the  large  change  in  frequency  of  the  maser  caused 
by  the  large  change  in  gravitational  potential  as 
it  ascended  to  an  altitude  of  about  one  and  a  half 
earth  radii  above  the  earth's  surface  and  fell 
back  into  the  Atlantic  Ocean  in  a  flight  lasting 
just  under  two  hours.  A  sketch  of  the  trajectory 
is  given  below.  The  ground  path  of  the  flight  is 
shown  in  the  following  map.  Ground  tracking  with 
microwave  frequencies  was  carried  out  from  stations 


at  Wallops  Island,  Bermuda  and  Florida  equipped 
with  hydrogen  masers.  In  terms  of  relativistic 
frequency  changes,  it  is  readily  shown  that  they 
are  expressible  as  the  integrand  of  equation  (41) 
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In  this  case,  the  gravitational  potential  differ¬ 
ence  ,'auses  the  frequency  of  the  probe  maser  to  be 
shifted  to  higher  values  than  the  reference  masers 
on  the  ground  —  a  violet  shift  rather  than  a  red 
shift,  but  it  is  still  convenient  to  speak  of  the 
effect  as  "redshift."  The  value  of  the  gravitation¬ 
al  shift  as  a  function  of  height  above  the  earth 
is  plotted  below.  The  received  microwave  frequency 


will  be  strongly  affected  by  the  ordinary  Doppler 
effect  which  is  just  the  rate  of  change  of  slant 
range  divided  by  the  speed  of  light.  For  a  typical 
planned  trajectory,  the  Doppler  shift  in  frequency 
could  be  as  high  as  2  x  10” as  shown  in  the  follow¬ 
ing  plot.  Since  the  gravitational  relativistic 
effect  would  be  about  4  x  10”^  and  the  expected 
stability  of  the  hydrogen  maser  was  hoped  to  be 
vlO"  ,  extraordinary  measures  had  to  be  taken  to 
measure  or  cancel  the  Doppler  shift.  Also,  the 
large  and  variable  effects  of  the  earth's  iono¬ 
sphere  causing  phase  shifts  in  the  propagated 
microwave  signals  had  to  be  considered. 


26 


A 


c  '  J  list  r  i  Vio 

TIME  IN  1000  SEC  UNITS 


A  very  ingeneous  arrangement  of  three  micro- 
wave  links  at  different  frequencies  as  shown  in  the 
simplified  block  diagram  below  solved  these  prob¬ 
lems. 


(and  not  recovered!)  being  held  by  its  makers,  Bob 
Vessot  (on  the  right)  and  Marty  Levine.  Figure  56 
is  a  picture  of  the  rocket  during  launch. 

Careful  analysis  of  the  ground  tracking  data 
to  determine  the  actual  rocket  trajectory  and  com¬ 
parison  of  the  measured  frequency  shift  as  a  func¬ 
tion  of  time  with  that  predicted  by  general  rela¬ 
tivity  has  yielded  the  following  value^  for  the 
gravitational  frequency  shift  (the  velocity  effects 
were  assumed  given) 
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It  was  possible  to  achieve  real  time  cancellation 
so  that  the  redshift  was  evident  during  the  flight 
as  shown  by  the  following  quick  look  beat  frequency 
data.  The  break  in  the  data  just  before  the  end 
of  the  flight  is  due  to  tracking  station  problems 
and  interrupted  the  phase  continuity.  It  could  not 
subsequently  be  recovered,  so  the  remaining  data  is 
not  useful  for  analysis.  The  combination  of  poten¬ 
tial  and  velocity  effects  produced  zero  beats  dur¬ 
ing  both  ascent  and  descent.  The  ascent  zero  beat 
data  is  shown  in  Figure  54 ■  The  rotation  and 
nutation  of  the  spinning  payload  can  be  clearly 
distinguished.  Figure  55  shows  the  environmentally 
controlled  hydrogen  maser  package  which  was  flown 


=  {1  +  (5  ±  126)  x  10-6}  (49) 
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This  is  the  most  accurate  measurement  of  the 
relativistic  effects  on  frequency.  A  plot  of  the 
residuals  at  the  early  stage  of  the  analysis  is 
given  in  Figure  57. 

Other  Atomic  Clock  Measurements 


Mountain  to  Valley  Experiments.  The  first 
such  measurement  was  made  in  1975  in  Italy  between 
Torino  and  a  cosmic  ray  laboratory  at  Plateau  Rosa 
3250  m  higher  by  L.  Briatore  and  S.  Leschiutta  -*1 
using  one  cesium  beam  clock  at  each  location.  Com¬ 
parison  was  achieved  by  receiving  the  same  TV  sig¬ 
nal  at  each  site  and  b-»  direct  comparison  before 
and  after  the  66  day  dwell  time  at  Plateau  Rosa. 
Although  no  stringent  environmental  control  was 
attempted,  nor  were  systematic  corrections  made  for 
environmental  changes,  a  15%  measurement  was 
achieved,  agreeing  with  tbe  general  relativistic 
calculation  within  that  uncertainty. 


The  second  measurement  was  made  in  Japan  in 
June  and  July,  1977  by  S.  Iijima  and  K.  Fujiwara' 
of  the  Tokyo  Astronomical  Observatory.  One  Hewlett- 
Packard  5061  High  Performance  standard  was  trans¬ 
ported  from  the  Tokyo  Observatory  (altitude  58  m 
above  sea  level)  to  the  Norikura  Corona  Station 
(altitude  2876  m  above  sea  level)  on  two  successive 
occasions  and  left  to  operate  for  one  week.  Before 
and  after  those  trips,  one  week  comparisons  were 
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made  with  a  similar  clock  at  the  observatory. 
Systematic  corrections  were  made  for  the  effect  of 
different  environmental  conditions  at  the  different 
sites  on  the  rate  of  the  clock.  They  also  paid 
close  attention  to  the  placement  of  the  clocks  in 
the  local  magnetic  field  and  took  great  pains  to 
keep  environmental  control  during  the  8  hour 
transport  time  in  a  cushioned  and  air  conditioned 
van.  Their  results  were 


Measured  Effect 
Calculated  Effect 


0.94  ±  0.05, 


(50) 


a  verification  at  the  5%  level. 

These  experiments  measured  purely  the  effect 
of  gravitational  potential  difference. 

Comparison  of  Absolute  Frequency  Determina¬ 
tions.  Since  the  early  1970's,  the  National 
Bureau  of  Standards  in  Boulder,  Colorado,  at  an 
altitude  of  about  6000  feet  above  sea  level,  has 
been  including  the  gravitational  effect  A$/c2  -v 
2  x  lO--^  in  the  determination  of  the  absolute 
cesium  frequency  with  its  laboratory  beam  tubes. 
Other  standards  laboratories  are  at  much  lower 
altitudes  so  the  effect  is  not  yet  significant  in 
terms  of  achievable  accuracies  for  them.  However, 
the  international  definition  of  ••he  second  is 
based  on  the  value  of  the  cesium  ground  state 
hyperfine  transition  jit  sea  level,  so  the  gravita¬ 
tional  shift  of  1.09  x  10“  f  6  per  meter  must  be 
included  in  any  absolute  measurement.  Inclusion 
of  the  effect  in  the  NBS  measurements  does  result 
in  smaller  differences  in  current  international 
comparisons. 


Practical  Applications 


Global  Timekeeping 

At  rhe  level  of  0.1  microsecond,  the  relativ¬ 
istic  effects  of  clock  transport  by  aircraft  are 
quite  significant.  For  example,  in  the  global 
measurements  involving  trips  to  Christ  Church,  New 
Zealand  from  Washington,  D.C.  and  back,  the  rela¬ 
tivistic  time  difference  produced  was  a.120  nano¬ 
seconds.  It  is  interesting  to  give  a  breakdown  of 
the  calculated  relativistic  effect  for  each  leg: 


Washington  to  California:  +29  ns 
California  to  Hawaii  :  +31  ns 
Hawaii  to  New  Zealand  :  +52  ns 
New  Zealand  to  Hawaii  :  +16  ns 
Hawaii  to  Washington  :  -  6  ns 


The  asymmetry  between  E-*W  and  W-*E  is  very  apparent. 
It  is  clear  that  even  for  short  flights,  the  ef¬ 
fects  are  Important  at  the  ten's  of  nanoseconds 
level.  The  U.S.  Naval  Observatory  is  now  using  an 
algorithm  to  estimate  these  effects  for  its  trans¬ 


portable  clock  trips. 
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NAVSTAR/Global  Positioning  System 

This  is  a  new  navigation  system  under  develop¬ 
ment  by  the  United  States  Department  of  Defense. 

I-  is  shown  in  artist's  conception,  together  with 
some  facts  about  it  in  Figures  58  and  59_.  There 
will  be  24  satellites  placed  in  12  hour  period 
circular  orbits,  8  in  each  of  3  orbital  planes  in¬ 
clined  at  63  to  the  equator  and  equally  spaced 
around  it.  Each  of  these  satellites  will  carry  a 
very  stable  atomic  clock  (with  several  spares)  and 
will  transmit  a  pseudo-random  noise  code  with  a  bit 
repetition  frequency  controlled  by  the  atomic 
clock.  Information  about  the  orbit  of  the  satel¬ 
lite  is  also  transmitted.  User  equipment  will  re¬ 
ceive  signals  from  four  or  more  GPS  satellites 
simultaneously,  or  sequentially,  locking  on  to  the 
transmitted  code  by  shifting  a  local  clock  which 
steps  the  same  pseudo-random  noise  code  in  the  re¬ 
ceiver.  Large  scale  integrated  solid  state  elec¬ 
tronic  circuits  in  the  receiver  package  can  then 
calculate  the  position,  velocity,  and  time  for  any 
user. 


The  stable  atomic  clocks  in  orbit  are  the 
heart  of  the  system.  In  order  for  all  of  them  to 
remain  synchronized  with  each  other  and  with  the 
ground  clocks  at  the  U.S,  Naval  Observatory  which 
sets  time  worldwide  for  the  Defense  Department, 
the  effects  of  general  relativity  must  be  included. 
When  placed  in  such  an  orbit,  a  standard  clock  will 
run  fast  with  respect  to  an  identical  one  on  the 
ground  bv  44,000  nanoseconds  per  day!  This  effect 
was  first  measured  with  the  NTS-2  satellite  carry¬ 
ing  a  cesium  atomic  clock. ^  The  clocks  must  be 
adjusted  to  run  slow  by  that  amount  before  being 
placed  in  orbit  in  order  to  keep  in  synchroniza¬ 
tion  with  atomic  clocks  on  the  earth's  surface. 
Furthermore,  periodic  change  in  distance  from  the 
center  of  the  earth  for  a  satellite  in  a  slightly 
elliptic  orbit  can  lead  to  significant  effects. 

For  an  eccentricity  of  0.005,  the  peak  to  peak  time 
difference  will  be  24  nanoseconds.  This  translates 
into  a  range  uncertainty  of  24  feet  which  is  very 
significant  in  a  system  whose  present  design  goal 
is  10  meters,  and  must  be  included  in  the  system 
operation. 

The  fact  that  standard  clock  rates  are  con¬ 
stant  at  mean  sea  level  on  the  ellipsoidal  surface 
of  the  spinning  earth  as  discussed  earlier  allows 
the  establishment  of  a  coordinate  time  for  the 
Global  Positioning  System  which  can  be  made  the 
same  as  Universal  Time  on  the  surface  of  the  earth. 
The  standard  atomic  clocks  in  orbit  will  keep  this 
GPS  time  when  they  are  offset  by  the  ^44,000  ns/day 
discussed  above  and  corrected  for  the  relativistic 
effects  of  the  elliptic  orbit.  Stationary  standard 
clocks  on  the  ground  must  have  their  rates  compen¬ 
sated,  depending  on  their  distance  above  or  below 
the  mean  ocean  surface  ellipsoid  by  ±  1.09  x  10“ 
per  meter  in  order  to  keep  GPS  coordinate  time. 

Significance 

The  two  applications  discussed  briefly  above 
are  among  the  first  non-sclentific  uses  of  Einstein- 
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X  = 


iau  Time.  That  the  remarkable  behavior  of  clocks 
as  predicted  by  General  Relativity  is  now  required 
to  be  included  in  practical  applications  is  an  in¬ 
tellectual  milestone,  made  possible  by  the  extra¬ 
ordinary  stability  of  modem  atomic  clocks. 
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Doppler  factor  k,  that 


These  two  equations  may  be  written  as 
t  -  x/c  =  — (t1  -  x'/c) 

t  +  x/c  =  k  (t'  +  x'/c) 

Multiplying  these  equations  together  and  multi¬ 
plying  the  result  by  c^,  one  has  the  result 
stated  as  equation  (4)  in  the  text.  If  one 
solves  this  pair  of  simultaneous  equations  for 
r'  and  x'  in  terms  of  t  and  x,  the  Lorentz 
transformation  is  obtained. 

9.  New  York  Times.  March  28,  1972;  page  32.  The 
first  part  of  this  excerpt  is  also  very  illumin¬ 
ating,  so  we  reproduce  it  here: 

"In  the  development  of  special  rela¬ 
tivity  theory,  a  thought  -  not  pre¬ 
viously  mentioned  -  concerning  Faraday's 
work  on  electromagnetic  induction  played 
for  me  a  leading  role. 

According  to  Faraday,  when  a  magnet  is 
in  relative  motion  with  respect  to  a 
conducting  circuit,  an  electric  current 
is  induced  in  the  latter.  It  is  all 
the  same  whether  the  magnet  moves  or 
the  conductor;  only  the  relative  mo¬ 
tion  counts,  according  to  the  Maxwell- 
Lorentz  theory.  However,  the  theoret¬ 
ical  interpretation  of  the  phenomenon 
in  these  two  cases  is  quite  different: 

If  it  is  the  magnet  that  moves,  there 
exists  in  space  a  magnetic  field  that 
changes  with  time  and  which,  according 
to  Maxwell,  generates  closed  lines  of 
electric  force  —  that  is,  a  physically 
real  electric  field;  this  electric  field 
sets  in  motion  movable  electric  masses 
(that  is,  electrons)  within  the  conductor. 

However,  if  the  magnet  is  at  rest  and 
the  conducting  circuit  moves,  no  elec¬ 
tric  field  is  generated;  the  current 
arises  in  the  conductor  because  the 
electric  bodies  being  carried  along  with 
the  conductor  experience  an  electro¬ 
motive  force,  as  established  hypotheti¬ 
cally  by  Lorentz,  on  account  of  their 
(mechanically  enforced)  motion  relative 
to  the  magnetic  field. 

The  thought  that  one  is  dealing  here 
with  two  fundamentally  different  cases 
was,  for  me,  unbearable.  The  difference 
between  these  two  cases  could  not  be  a 
real  difference,  but  rather,  in  my 


conviction,  could  be  only  a  difference  in 
the  choice  of  reference  point.  Judged 
from  the  magnet  there  certainly  were  no 
electric  fields;  judged  from  the  conducting 
circuit  there  certainly  was  one.  The 
existence  of  an  electric  field  was  there¬ 
fore  a  relative  one,  depending  on  the  state 
of  motion  of  the  coordinate  system  being 
used,  and  a  kind  of  objective  reality  could 
be  granted  only  to  the  electric  and  magnetic 
field  together,  quite  apart  from  the  state 
of  relative  motion  of  the  observer  or  the 
coordinate  system.  The  phenomenon  of  the 
electromagnetic  induction  forced  me  to  post¬ 
ulate  the  (special)  relativity  principle." 

10.  P.G.  Roll,  R.  Krotkov,  and  R.H.  Dicke,  "The 
Equivalence  of  Inertial  and  Passive  Gravitation¬ 
al  Mass,"  Ann.  Phys  (U.S.A.)  26_,  442-517  (1964). 

V.B.  Braginsky  and  V.I.  Panov,  "Verification  of 
the  Equivalence  of  Inertial  and  Gravitational 
Mass,"  Zh.  Eksp.  &  Teor.  Fiz.  61,  873-879  (1971). 
English  translation  in  Sov.  Physics  -  JETP 
Lett.  10,  280-283  (1972). 

11.  C.F.  Gauss,  "Disquitiones  Generales  circa 
Superficies  Curvas,"  Gottingen,  1827.  There 
has  just  appeared. a  modern  translation  of 
"General  Investigations  of  Curved  Surfaces"  in 
Asterisque  62:  "150  Years  After  Gauss,"  by  P. 
Dombrowski,  published  by  the  Socidtd  Mathd- 
Matique  de  France,  1979. 

12.  C.W.  Misner,  K.S.  Thorne,  and  J.A.  Wheeler, 
Gravitation,  W.H.  Freeman  and  Company,  San 
Francisco,  1973.  Cover  drawing  and  page  4. 

13.  Bertrand  Russell,  The  ABC  of  Relativity,  Third 
Revised  Edition,  New  York,  New  American  Library 
Mentor  Book,  1959,  page  80.  (Original  edition, 
1925). 

14.  J.  Evershed,  Bulletin  of  the  Kodalkanal  Observ¬ 
atory,  36  (1914) . 

15.  W.  Pauli,  Theory  of  Relativity.  Pergamon  Press; 
New  York,  London,  Paris,  Los  Angeles.  1958, 

Page  153. 

16.  J.  Brault,  Bulletin  of  the  American  Physical 
Society ,  j),  page  28  (1963). 

17.  F.  Roddier,  Annals  of  Astrophysics ,  28,  page 
463  (1965). 

18.  J.L.  Snider,  Physical  Review  Letters ,  28,  page 
853  (1972). 

19.  J.L.  Greenstein,  J.B.  Oke,  and  H.L.  Shipman, 
Astrophyslcal  Journal.  169.  page  563  (1971). 

J.L.  Greenstein  and  V.  Trimble,  Astrophyslcal 
Journal ,  149,  p.  283  (1967). 

20.  A  discussion  of  the  problems  involved  is  given 
by  S.  Weinberg,  Gravitation  and  Cosmology,  John 
Wiley  and  Sons,  Inc.,  New  York,  London,  Sydney, 
Toronto.  1972.  Pages  79 f f . 


30 


21.  H  E.  Ives  and  G.R.  Stilwell,  "An  Experimental 
Study  of  the  Rate  of  a  Moving  Atomic  Clock," 

(I  and  II)  Journal  of  the  Optical  Society  of 
America,  28,  p.  215  (1938) ;  31,  page  369  (1941) . 

22.  G.  Otting,  Physikalische  Zeitschrift ,  40,  page 

681  (1939).  . 

23.  H.I.  Mandelberg  and  1.  Witten,  Journal  of  the 
Optical  Society  of  America.  52,  page  529 
(1962). 

24.  J.J.  Snyder  and  J.L.  Hall,  Laser  Spectroscopy, 
Proceedings  of  the  Second  International  Confer¬ 
ence,  23-27  June,  1975,  Meg&ve,  France, 
Springer-Verlag:  Berlin,  Heidelberg,  New  York, 
1975.  Page  6. 

25.  S.  N.  Bagayev  and  V.P.  Chebotayev,  Pis  'ma  Zh. 
Eksp.  i  Teor.  Fiz.,  16,  page  614  (1972). 

26.  R.V.  Pound  and  G.A.  Rebka,  Physical  Review 
Letters,  page  439  (1959);  _4,  page  337 
(1960). 

27.  R.V.  Pound  and  J.L.  Snider,  Physical  Review 
Letters,  13,  page  539  (1964);  Physical  Review 
13,  140,  page  788  (1965).  See  also  R.V.  Pound, 
"Terrestrial  Measurements  of  the  Gravitational 
Red  Shift,"  in  Albert  Einstein's  Theory  of 
General  Relativity,  edited  by  G.  Tauber,  Crown 
Publishers,  Inc.,  New  York,  1979.  Pages  .  12ff. 

28.  H.J.  Hay,  J.P.  Schiffer,  T.E.  Cranshaw,  and 
P.A.  Egelstaff,  "Measurement  of  '•he  Red  Shift 
in  an  Accelerated  System  Using  the  MSssbauer 
Effect  in  Fe,"  Physical  Review  Letters,  _4, 
page  165  (1960) . 

29.  W.  Kundig,  "Measurement  of  the  Transverse 
Doppler  Effect  in  an  Accelerated  System," 
Physical  Review,  129,  page  2371  (1963). 

30.  K.C.  Turner  and  H.A.  Hill,  "New  Experimental 
Limit  on  Velocity  Dependent  Interactions  of 
Clocks  and  Distant  Matter,"  Physical  Review  J5, 
page  134  (1964). 

31.  J.B.  Thomas,  "Reformulation  of  the  Relativistic 
Conversion  Between  Coordinate  Time  and  Atomic 
Time,"  Astronomical  Journal,  80,  No.  5,  p.  405 
(1975). 

32.  A.J.  Greenberg,  D.S.  Ayres,  A.M.  Commach,  R.W. 
Kenny,  D.O.  Cadwell,  V.B.  Elings,  W.P.  Hesse, 
and  K.J.  Morrison,  "Charged  Pion  Lifetime  and 
a  Limit  on  a  Fundamental  Length,"  Physical 
Review  Letters,  23.  page  1267  (1969) . 

33.  F.J.M.  Farley,  J.  Bailey  and  E.  Picasso,  "Ex¬ 
perimental  Verifications  of  the  Special  Theory 
of  Relativity."  Nature,  217,  page  17  (1968). 


34.  B.  Rossi  and  D.B.  Hall,  "Variation  of  the  Rate 
of  Mesotrons  with  Momentum,"  Physical  Review. 

59,  page  223  (1941). 

35.  J.C.  Hafele  and  R.E.  Keating,  Science,  177,  page 
166  and  page  168  (1972). 

36.  In  addition  to  the  main  participants  listed  in 
the  text,  the  following  people  participated 
from  the  University  of  Maryland:  J.P.  Richard 
and  D.G.  Currie  advised  on  some  technical  ques¬ 
tions;  F.  Meraldi  mounted  the  corner  reflectors; 
and  J.J.  Giganti  and  J.  Mathews  did  some  elec¬ 
tronic  design  and  construction. 

A  detailed  account  of  the  measurements  is  con¬ 
tained  in  two  University  of  Maryland  Ph.D.  dis¬ 
sertations:- 

R.  E.  Williams,  "A  Direct  Measurement  of  the 
Relativistic  Effects  of  Gravitational  Potential 
on  the  Rates  of  Atomic  Clocks  Flown  in  an  Air¬ 
craft,"  (May,  1976). 

R.  A.  Reisse,  "The  Effect  of  Gravitational 
Potential  on  Atomic  Clocks  as  Observed  with  a 
Laser  Pulse  Time  Transfer  System,"  (May,  1976). 

The  work  has  also  been  described  in  talks  at 
meetings  and  symposia,  including:-  Precise  Time 
and  Time  Interval  Meeting,  Goddard  Space  Flight 
Center,  December,  1976;  30th  Frequency  Control 
Symposium,  Atlantic  City,  June,  1976  (During 
Round  Table  Discussion  on  Remote  Time  Compari¬ 
son)  ;  Second  Symposium  on  Frequency  Standards 
and  Metrology,  Copper  Mountain,  Colorado,  July, 
1976;  Meeting  of  Commission  ,1  (Time)  at  the 
XVI  General  Assembly  of  the  International  Astro¬ 
nomical  Union,  Grenoble,  France,  August,  1976; 
Meeting  on  Experimental  Gravitation,  Sponsored 
by  the  Accademia  Nazionale  dei  Lincei,  Pavia, 
Italy,  September,  1976;  Symposium  on  Time  and 
Frequency  at  the  19th  General  Assembly  of  the 
International  Union  of  Radio  Science,  Helsinki, 
Finland,  August,  1978. 

37.  The  support  of  the  U.S.  Navy  has  come  from  many 
organizations  in  addition  to  the  U.S.  Naval  Ob¬ 
servatory,  including  its  Directors  Kai  Strand 
and  Gart  Westerhout.  These  include: 

The  Naval  Materiel  Command 

James  Probus,  Director  of  Navy  Laboratories 
Norris  Keeler,  Director  of  Navy  Technology 
The  Office  of  Naval  Research 
John  Dardis,  Project  Monitor 
Doran  Padgett,  Project  Monitor 
William  Condell,  Physics  Branch  Chief 
Fred  Quelle,  Boston  Office 
The  Naval  Air  Development  Center 
Kenneth  Lobb,  Technical  Director 
Ronald  Vaughn  ■>  „  .  ,  ,  , 

Richard  SheklIn)Navigation  Laboratory 
Patuxent  Naval  Air  Test  Center 

Robert  Merritts,  Project  Engineer  (He  worked 
night  and  day  along  with  the  principal 
participants  and  contributed  much  to  the 
success  of  the  experiments). 

Pilots,  Flight  Engineers,  Crew  Chiefs,  and 
Airmen  for  P3C-912. 


31 


38.  The  modifications  were  carried  out  at  Maryland 
with  R.  Hyatt  and  J.  Bourdet  of  Hewlett-Packard 
assisting  L.S.  Cutler  and  the  Maryland  group. 

39.  frequent  assistance  in  maintenance  was  provided 
by  D.  Kaufman  and  J.  Soucy  of  the  Goddard  Space 
Flight  Center. 

40.  We  are  indebted  to  Ernst  Jechert  and  Hans 
Badura  of  Efratom  for  the  loan  of  these  stand¬ 
ards  . 

41.  The  development  of  this  experiment  is  described 
by  C.O.  Alley  in  Adventures  in  Experimental 
Physics.  Alpha,  1972.  Edited  by  B.  Maglich. 

The  major  scientific  result  of  the  lunar  laser 
ranging  experiment  is  a  test  of  the  Principle 
of  Equivalence  for  massive  bodies  (Earth  and 
Moon  both  falling  to  the  sun):  J.G.  Williams, 
R.H.  Dicke,  P.L.  Bender,  C.O.  Alley,  W.E. 

Carter,  D.G.  Currie,  D.H.  Eckhardt,  J.E.  Faller, 
W.M.  Kaula,  J.D.  Mjlholland,  H.H.  Plotkin,  S.K. 
loultney,  P.J.  Shelus,  E.C.  Silverberg,  W.S. 
Sinclair,  K.A.  Slade,  and  D.T.  Wilkinson, 
Physical  Review  Letters,  36,  page  551  (1976). 

42.  We  are  indebted  to  Dr.  Frank  Hoge  of  the 
Wallops  Center  of  NASA  for  the  loan  of  this 
telescope. 

43.  The  Air  Force  organizations  providing  support 
included: 

The  Air  Force  Systems  Command 

Maj.  Gen.  G.  Hendricks,  Director  of  Labora¬ 
tories 

Dr.  Bernard  Kulp,  Chief  Scientist 
The  Air  Force  Office  of  Scientific  Research 
Major  Richard  Gullickson,  Project  Monitor 
Col.  R.  Detwiler,  Physics  Branch  Chief 
4950th  Test  Wing,  Wright  Patterson  Air  Force 
Base 

Lt.  Steve  Stratton,  Test  Director  (He 

worked  closely  with  the  major  participants, 
contributing  much  to  the  success  of  the 
measurements) . 

Col.  William  Odgers.  Comnanoer 
Instrumentation  Branch 
Modification  Center 

Pilots,  Navigators,  Flight  Engineer,  Load- 
masters,  Crew  Chiefs,  and  Airmen  for  C141  — 
779. 

44.  The  entire  Mechanical  Development  Design  group 
and  machine  shop  personnel  of  the  Department 
of  Physic  and  Astronomy  of  the  University  of 
Maryland  performed  in  an  outstanding  manner  to 
accomplish  Che  reconfiguration  of  the  equip¬ 
ment  to  very  exacting  Air  Force  requirements 

in  the  short  time  available  between  the  author¬ 
ization  of  the  project  in  early  April  and  the 
beginning  of  the  experiments  in  late  May.  The 
following  people  deserve  special  recognition: 


Frank  Desrosier,  Jerome  Masse,  Ernest  Grossen- 
bacher,  Wade  Hay,  Ben  Scesa,  Dan  Koch,  Karl 
Harzer  and  Edward  Gorsky. 

45.  B.  Hoffmann,  "Noon  -  Midnight  Red  Shift," 
Physical  Review.  121,  page  337  (1961) . 

46.  R.U.  Sexi,  "Seasonal  Differences  Between  Clock 
Rates,"  Physics  Letters,  61B,  page  65  (1976). 

47.  W.H.  Cannon  and  O.G.  Jensen,  "Terrestrial  Time¬ 
keeping  and  General  Relativity:  A  New  Discov¬ 
ery,"  Science,  188,  page  317  (1975).  The  errors 
in  this  paper  have  been  pointed  out  in  many 
letters  in  a  subsequent  issue  of  Science: 
"Acceleration  and  Clocks,"  Science,  191,  pages 
489-491  (1976).  The  authors  have  retracted 
their  claims. 

48.  R.U.  Sexl,  private  communication,  August,  1977. 

49.  R.F.C.  Vessot  and  M.W.  Levine,  Gravitazione 
Sperimentale,  Accademia  Nazionale  dei  Lincei, 
Rome,  page  371  (1977). 

j0.  R.F.C.  Vessot,  presented  at  Second  Marcel 
Grossmann  Meeting  on  Recent  Developments  in 
General  Relativity,  Trieste,  Italy,  July,  1979. 

51.  L.  Briatore  and  S.  Lcschiutta,  "Evidence  for 
the  Earth  Gravitational  Shift  by  Direct  Atomic- 
Time-Scale  Comparison,"  II  Nuovo  Cimento,  37B, 
No.  2  (19/7). 

52.  S.  Iijima  and  K.  Fujiwara,  "An  Experiment  for 
the  Potential  Blue  Shift  at  the  Norikura  Corona 
Station,"  Annals  of  the  Tokyo  Astronomical  Ob¬ 
servatory,  Seconc  Series,  Volume  XVII,  Number 
Z,  (1978). 

53.  The  NAVSTAR/Glot>al  Positioning  System  is  fully 
described  by  seventeen  articles  in  the  GPS 
special  issue  of  Navigation,  Journal  of  the 
Institute  of  Navigation,  Vol.  25,  No.  2,  Summer, 
1978. 

54.  T.  McCaskill,  J.  White,  S.  Stebbins,  and  J. 
Buisson,  "NTS-2  Frequency  Stability  Results," 
Proceedings  of  the  32nd  Frequency  Control  Sym¬ 
posium,  1978. 


1  ,.Alii£rt..Einstein  in  his  study  in  Berlin, 


32 


10.  Einstein  in  his  later  years  at  the  Institute  for 
Advanced  Study  in  Princeton. 


12,  Clock  Box  installed  on  aircraft. 
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16.  Clock  Box  in  trailer  on  ground. 


11 ,  Navy  P3C  Orion  Aircraft  912  used  in  the  experi¬ 
ments  . 


13.  Electronic  racks  installed  on  aircraft. 


15.  Housing  of  photo-multiplier  for  detection  of  laser 
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17.  Ground  computer  system,  event  timer,  and  strip 
chart  monitoring  displays  in  trailer.  (R.E, 
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19.  Aircraft  on  ground  near  trailer  containing 
atomic  clocks  and  van  containing  laser  equip 
ment. 


NTER 


20.  Clock.  Box  being  removed  from  trailer. 


■A  h 


21.  Narrow  hatch  of  aircraft 
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34;  Polar  photograph  of  globe  showing  distances  of 
Washington  and  Thule  from  the  Earth's  spin  axis. 


36,  Airborne  equipment  being  reconfigured  for  C141 
cargo  pallet  (Back  View)  (Technician  Lyndon  Small 
at  left). 


38,  Air  Force  Cl 41  Starlifter  Aircraft  779  at 

Andrews  Air  Force  Base  next  to  garage,  trailer, 
and  van. 


40,  Preparing  to  transfer  equipment  from  garage. 


35.  Airborne  equipment  being  reconfigured  for  Cl 41 
cargo  pallet  (Front  View). 


37.  Airborne  equipment  on  cargo  pallet  housed  in 
prefabricated  garage  of  Andrews  Air  Force 
Base. 


41,  Front  lift  carrying  pallet  to  aircraft. 
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42}  Petal  door  open  to  receive  pallet} 


46.  Clock  Cox  Assembly  during  flight.  (Seen  from 
rear  of  plane). 


48,  Recording  and  readout  equipment  for  inertial 
navigation  units  and  altimeters, 


43.  Matching  of  pallet  to  aircraft  roller  tracks. 


45.  Len  Cutler  beside  installed  pallet  on  aircraft, 


47.  Clock  Box  Assembly  during  flight,  (Seen  from 
front  of  plane) . 


49.  Preparing  to  place  aircraft  in  hangar  at  the 
Thule  Air  Force  Base, 
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50.  A  C141  at  Thule  just  before  midnight  on  June  25. 


52.  Globe  tilted  at  23*5  showing  relation  between 
Washington  and  Christ  Church  at  time  of  summer 
solstice  (Sun  to  right). 
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54.  Zero  beat  during  ascent  of  hydrogen  maser  on 
rocket  probe. 


51.  Midnight  shadows  cast  by  sun  at  Thule  on  June 
25. 


53.  C141  779  on  ground  at  Christ  Church  surrounded 
by  support  equipment. 


55.  Environmentally  packaged  hydrogen  maser  to  be 
carried  by  Scout  rocket  being  held  by  R.'T,  C. 
Vessot  (right)  and  M.  Levine; 


56,  Launch  of  Scout  rocket  carrying  hydrogen  maser. 
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.57.  Residuals  during  an  early  stage  of  the  analysis 
of  the  hydrogen  maser  rocket  probe  data. 


58,  Artist's  drawing  of  NAVSTAR/Global  Positioning 
System, 


59.  Major  segments  of  the  NAVSTAR  system. 


39A 


1/f  (PUCKER)  NOISE:  A  BRIEF  REVIEW 


Richard  F.  Voss 

IBM  Thomas  J.  Watson  Research  Center 
Yorktown  Heights,  New  York  10598 


.  ABSTRACT 

Noise  mechanisms  limit  the  accuracy  of  precision  measure¬ 
ments.  Although  many  sources  of  noise  are  well  understood, 
the  origin  of  the  "l/'f"  or  "flicker"  noises  remains,  in  general, 
a  mystery  in  spite  of  their  remarkably  widespread  occurance  in 
nature.  In  this  paper  a  review  is  given  of  the  systems  exhibit¬ 
ing  1/f  noise  and  the  postulates  researchers  have  made  about 
its  origin. 

INTRODUCTION 

All  physical  measurements  are  ultimately  limited  by  fluctu¬ 
ations  or  "noise"  in  either  the  system  being  measured  or  the 
measuring  apparatus.  Although  there  are  many  sources  of 
noise,  both  classical  and  quantum  mechanical,  the  common 
noises  found  in  nature  fail  into  three  general  classes  according 
to  their  spectral  densities  Figure  1  shows  samples  of  noise 
from  these  classes  together  with  logarithmic  plots  of  their  spec¬ 
tral  densities  vs  frequency.  The  spectral  density  (also  known 
as  "power  spectrum"),  Sv(f),  of  a  quantity  V(t)  fluctuating  in 
time  is  a  measure  of  the  mean  square  variation  in  a  unit  band¬ 
width  centered  on  the  frequency  f.  Sv(0  may  be  measured  by 
passing  V(t)  through  a  narrow  bandpass  filter  at  frequency  f 
with  bandwidth  Af.  Sv(f)  is  then  the  average  of  the  squared 
output  of  the  filter  divided  by  Af.  Sv(f)  provides  information 
about  the  time  correlations  of  the  fluctuating  process.  A  slowly 
varying  process  has  more  "power"  at  lower  frequencies. 

Figure  1(a)  shows  a  trace  of  a  "white  noise."  Like  a 
"white"  light,  white  noise  shows  equal  amounts  of  fluctuations 
at  all  frequencies.  It  has  the  most  random  appearance  of  the 
three  and  is  the  simplest  to  understand  mathematically.  Its 
fluctuation  at  any  instant  of  time  is  independent  of  the  fluctua¬ 
tions  at  other  times.  It  can  be  described  by  a  complete  lack  of 
correlation.  Figure  1(c)  shows  a  trace  of  a  1/f2  noise.  Such  a 
trace  might  represent  the  position  of  a  particle  undergoing  one 
dimensional  Brownian  motion  The  1/f2  noise  is  much  more 
slowly  varying  and  much  more  correlated  in  lime  than  the 
white  noise.  Yet,  like  the  white  noise,  its  mathematical  descrip¬ 
tion  is  simple.  A  1/f2  noise  results  from  the  superposition  of 
uncorrelated  increments  (a  random  walk).  It  is  just  the  integral 
of  a  white  noise.  Both  white  and  1/f2  noises  are  well  known 
and  understood  (Johnson  noise,  shot  noise,  Brownian  motion). 


Figure  1(b),  on  the  other  hand,  shows  the  subject  of  this  paper, 
a  1/f  or  flicker  noise.  In  appearance  the  1/f  noise  is  intermedi¬ 
ate  between  the  white  and  1/f2  noises  and  exhibits  a  balance 
between  randomness  and  correlation  on  all  time  scales.  A  1/f 
noise  is  characterized  by  a  simple  power  law  spectral  density 
with  an  exponent  close  to  -1  Unlike  the  other  noises  and 
inspite  of  its  seemingly  ubiquitous  occurrence,  a  universal 
explanation  of  1/f  noise  has  eluded  scientists 

EARLY  HISTORY 

The  first  spectral  density  measurement  of  a  1/f  noise  was 
published  by  J.  B.  Johnson  in  1 925 1 .  Interestingly,  this  is  the 
same  J.  B.  Johnson  who,  several  years  later2,  would  make  the 
first  experimental  verification  of  Nyquist’s  prediction  of  equi¬ 
librium  noise  in  conductors'  to  earn  his  namesake  noise.  In  his 
1925  paper  Johnson  was  experimentally  studying  Schottky’s 
prediction  of  shot  noise  in  vacuum  tubes4  At  high  frequencies 
the  measured  noise  agreed  with  prediction  (2el)  but  at  lower 
frequencies  was  substantially  greater  The  magnitude  of  the 
excess  spectral  density  varied  as  the  current  squared  and,  al¬ 
though  he  made  no  comment  on  the  frequency  dependence,  his 
published  data  show  the  excess  to  be  proportional  to  1/f.  He 
ascribed  the  effect  to  "irregular  temporal  changes  in  the  ca¬ 
thode  emissivity." 

The  first  "theory"  of  Johnson’s  excess  noise  was  advanced 
the  following  year  (1926)  by  W.  Schottky'  who  also  proposed 
the  name  "flicker  effect  "  According  to  Schottky,  "if  we  had  to 
do  with  emission  of  light  instead  of  electrons,  we  would  speak 
of  a  chaotic  variation  of  light  intensity  taking  place  over  the 
surface  of  the  cathode,  a  phenomenon  which  we  should  de¬ 
scribe  by  the  word  ’flicker’."  Schottky  also  set  a  precedent  in 
either  misunderstanding  or  simply  not  believing  the  experimen¬ 
tal  data  by  trying  to  fit  the  data  to  a  1/f2  spectral  density  with 
a  process  characterized  by  a  single  correlation  time 

Also  in  a  1925  paper  on  .he  shot  effect  Hull  and 
Williams'’  made  the  observation  that  replacing  the  vacuum  tube 
by  an  India  ink  resistance  (standard  grid  leak)  gave  an  excess 
noise  of  the  same  magnitude  as  the  shot  effect  while  a  wire 
resistance  did  not.  Although  they  presented  no  spectral  density 
measurements,  India  ink  resistors  are,  in  fact,  excellent  sources 
of  flicker  noise  Figure  2  shows  a  recent  measurement  by  the 
author  of  the  spectral  density  of  the  resistance  fluctuations  of 
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an  India  ink  resistor.  The  spectral  density  varies  as  1,'f'  21  over 
10  decades.  Figure  Z  not  only  demonstrates  the  remarkably 
large  frequency  range  over  which  the  spectral  density  can  vary 
as  a  simple  power  law  but  also  shows  that  the  dependence  need 
not  be  exactly  1/f. 

By  the  1930's  it  was  generally  accepted  that  thin  film 
granular  resistors  produced  an  excess  noise  in  the  presence  of 
current.  In  one  study  G.  W.  Barnes7  attempted  to  verify  a 
suggestion  by  Dr.  W.  F.  G.  Swann  that  the  excess  noise  was 
essentially  shot  noise.  They  believed  that  "if  conduction  in 
these  films  takes  place  by  leaps  of  electricity  between  aggre¬ 
gates  or  groups  of  molecules  in  the  film,  the  phenomena  ought 
to  partake  of  the  nature  of  a  Schottky  effect,  but  with  the 
electronic  charge  replaced  by  an  apparent  electronic  charge  of 
much  larger  magnitude  "  However,  it  was  not  until  tue  spectral 
density  of  such  thin  film,  was  measured  by  J.  Bernamont8  that 
it  was  reali/.ed  that  the  excess  noise  was  of  the  flicker  as  op¬ 
posed  to  -hot  variety.  Bernamont’s  work  was  remarkable  botn 
for  its  completeness  and  for  the  early  realization  that  the  !,f 
behavior  could  not  be  approximated  by  a  Lorentzian  (single 
correlation  lime)  as  suggested  by  Brillouin9  but  required  a 
distribution  of  times.  Bernamonl  and  Brillouin  also  anticipated 
later  work  by  postulating  that  1/f  noise  was  inversely  propor¬ 
tional  to  the  total  number  of  charge  carriers  in  the  sample. 

At  about  the  same  time  Christensen  and  Pearson10  at  Bell 
Labs  and  Otto11  and  Meyer  and  Thiede17  in  Germany  pub¬ 
lished  extensive  experimental  studies  of  the  excess  noise  in 
carbon  microphones  (such  as  those  used  in  telephones)  and 
other  granular  resistors  Christensen  and  Pearson  showed  that 
the  noise  was  proportional  to  current  squared  and  had  a  spec¬ 
tral  density  varying  as  1/f  They  attributed  the  noise  to  resist¬ 
ance  fluctuations  at  the  contacts  between  grains  and  ca'lcd  the 
noise  "contact  noise."  They  also  referred  to  a  1919  paper  by 
Kawamoto  at  Western  Electric  who  characterized  the  electrical 
disturbances  in  carbon  transmitters  as  "carbon  burning"  at  high 
voltages  or  more  generally  as  "carbon  roar"  which  described 
the  "continuous  rushing  sound  which  is  always  present  no 
matter  how  well  the  transmitter  is  shielded  from  external  dis¬ 
turbances." 

Since  these  early  measurements,  fluctuations  with  a  1/f** 
spectral  density  have  been  found  for  virtually  all  of  the  elec¬ 
tronic  devices  made  possible  by  the  advances  in  solid  slate 
physics  Continuous  metal  films17,  semiconducting  films14, 
metal  contacts1',  semiconducting  contacts'0,  ionic  solutions'7, 
thermocclls'8,  concentration  cells'7,  PN  junctions'0, 
Schottky70,  Zener7',  and  tunnel  diodes77,  bipolar'9  37  and  field 
effect  transistors74,  flux  flow  in  superconductors7'  and  Joseph- 
son  junctions70  all  exhibit  what  has  come  to  be  known  as  "1/f 
noise." 


1/f  noise  limits  the  accuracy  of  precision  time  standards 
including  quartz  oscillators,  atomic  docks,  and  superconducting 
cavity  resonators7’.  Even  modern  measurements  on  the  ancient 
time  standard,  the  hourglass78,  show  that  the  flow  of  sand 
fluctuates  as  1/f.  The  Allan  variance79,  is  more  often  used  to 
characterize  the  fluctuations  of  precision  time  or  frequency 
standards  than  the  spectra!  density.  The  Allan  variance  of  a 
quantity  V(l)  is  given  by 

4<*>  =  \^u\-vo2- 

where  Vj,  is  the  average  of  the  fluctuation  V(t)  over  a  time  r. 


Whereas  the  typical  spectral  (Fourier)  analysis  of  a  fluctuating 
quantity  measures  the  mean  square  of  the  convolution  of  the 
fluctuation  with  a  sine  wave,  the  Allan  vnriune,  measures  the 
convolution  with  one  period  of  a  square  wave.  The  Allan  vari¬ 
ance  is  thus  approximately  the  spectral  density  at  f  a  1,2t 
limes  a  bandwidth  Af  k  I  /2r 


For  a  1/f  spectrum,  the  Allan  variance  is  independent  of  t. 
Typical  measurements  show  an  Allan  variance  that  decreases  as 
a  function  of  increasing  t  until  the  "flicker  fioor"  is  reached 
where  o7  becomes  independent  of  r  corresponding  to  a  low 
frequency  1/f  limit. 

1/f  noise  is  by  no  means  limited  to  the  world  of  electron¬ 
ics  It  is  found  for  the  fluctuations  of  the  earth's  rate  of 
rotation30,  undersea  currents31,  and  traffic  on  Japanese 
expressways37.  A  1/f  spectral  density  is  common  for  hydro- 
logical  variables  where  the  persistence  of  the  fluctuations 
prompted  Mandelbrot33  to  refer  to  it  as  the  "Joseph  effect." 
One  example  is  given  in  Fig.  3  which  shows  the  spectral  densi¬ 
ty  of  the  minimum  and  maximum  flood  levels  of  the  river  Nile 
as  compiled  from  yearly  records  of  the  ancient  Egyptians34 
As  first  shown  by  Vervecn  and  Dirkson35.  1/f  noise  also  plays 
a  dominant  role  in  the  fluctuations  across  nerve  membranes, 
and  is  of  current  importance  in  fundamental  studies  of  nerve 
processes30. 

It  is  just  this  ubiquity  of  the  1/f  spectral  density  that 
suggests  an  answer  to  a  question  that  has  long  troubled  philos¬ 
ophers  In  the  words  of  Plato,  "  for  when  there  arc  no  words 
(accompanying  music)  it  is  very  difficult  to  recognize  the 
meaning  of  the  harmony  and  rhythm,  or  to  see  that  any  worthy 
object  is  imitated  by  them,"  (  Laws,  Book  II).  The  arts  were 
assumed  to  be  mutative  and.  although  it  was  clear  how  paint¬ 
ing,  sculpture,  or  drama  imitated  nature,  it  was  not  at  all  obvi¬ 
ous  just  what  music  imitated  At  least  a  partial  answer  is  that 


41 


music  imitates  the  way  our  world  changes  in  time.  These 
changes  are  characterized  by  a  1/f8  spectral  density.  In  fact, 
such  a  spectral  density  is  found  for  the  loudness  and  pitch 
fluctuations  of  speech  and  music17.  As  shown  in  Fig  4,  a  1/f 
spectral  density  is  common  to  music  of  all  cultures  and.  as 
shown  in  Fig.  5,  is  common  to  the  development  of  western 
music.  Indeed,  1/f  noise  provides  a  remarkably  good  staring 
point  for  stochastic  music  composition. 

Although  rarely  mentioned  in  the  classroom,  the  power 
law  (non-exponential)  decays  of  correlation  associated  with  1  ,'f 
noise  are  common  to  many  fields  of  science.  Two  examples  are 
worthy  of  specific  mention  since  they  predate  1/f  noise  meas¬ 
urements  by  at  least  a  century.  A  decay  varying  as  i/tn  where 
n  ~  1  is  common  in  the  field  of  dielectric  relaxation  and  is  now 
referred  to  as  the  "universal  dielectric  response"38.  Early 
measurements  were  concerned  with  the  decay  of  charge  in 
Lcydon  jars  and  by  1907  the  decays  were  followed  to  200 
days39  before  the  experimenter  (von  Schweidler)  lost  patience. 
Similar  effects  are  observed  for  the  decay  of  perturbations  in 
viscoelastic  media40.  Remarkably,  the  explanations  for  these 
phenomena  are  of  the  same  unsatisfactory  nature  as  those  for 
1/f  noise,  that  of  a  distribution  of  characteristic  times 
(Hopkinson  for  dielectric  relaxation41  and  Boltzman  for 
elasticity42).  The  relation  between  1/f  noises  and  power  law 
correlations  in  geometric  shapes  (Fractals)  is  described  by 
Mandelbrot  in  a  recent  essay43. 


density  has  been  measured  down  to  10‘6  3  Hz41.  The  Nile  river 
flood  levels  extend  the  spectrum  to  I0‘10  Hz.  The  apparent 
divergence  does  not,  however,  imply  an  anomalous  physical 
process  or  infinite  energy.  It  merely  means  that  <V2>  is  not  a 
well  defined  quantity.  For  example,  in  a  one  dimensional  Brow¬ 
nian  motion  (  a  very  well  understood  process)  the  position, 
x(t),  has  an  exact  1/f2  spectral  density  at  low  frequencies 

One  of  the  major  difficulties  in  understanding  1/f  noise  is 
the  inability  of  simple  physical  models  to  naturally  predict  a 
1/f  spectrum.  The  reason  is  that  most  fluctuating  physical 
processes  can  be  characterized  by  a  correlation  time,  rc  In 
such  a  case  the  autocorrelation  function  typically  takes  the 
form: 

<F(r)F(r  +  t)>  =  <V2> 

and  Wicner-Khintchine  relation  gives  a  Lorentzian  spectral 
density: 


- ,  ■ 
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This  spectral  density  is  shown  in  Fig.  6.  For  f  >>  1/2ittc 
Sv(f)  K  1/f2  while  for  f  <<  l/2irrc  Sv(f)  is  independent  of  f. 
Thus,  a  1/f  spectrum  cannot  come  from  a  process  character¬ 
ized  by  a  correlation  time,  tc.  In  fact,  a  1/f  spectrum  requires  a 
specific  distribution  of  independent  processes  with  different  r’s 
For  such  a  distribution,  g(r)dr, 


CORRELATION  TIMES 

In  addition  to  the  spectral  density,  the  time  correlations  of 
V(t)  may  also  be  characterized  by  the  autocorrelation  function 
<V(t)V(t+i)>.  <V(t)V(t+r)>  is  a  measure  of  how  the  fluc¬ 
tuations  at  times  t  and  t+r  are  related.  For  a  stationary  process 
<V(t)V(t  +  T)>  is  independent  of  t  and  depends  only  on  the 
lime  difference  r  In  this  case  Sv(f)  and  <V(i)V(i  +  t)>  arc 
related  by  the  Wicner-Khintchine  relation44 

<  +  t) >  =  [%(/)  cos  (2i7/t)<//. 

Jo 

Setting  r  =  0  in  the  above  equation  gives  a  normalization 
condition  on  the  fluctuations 

<V2>  =  (°°Sy(f)df- 
Jo 

The  mean  square  fluctuation  is  just  the  sum  of  each  of  the 
spectral  components.  For  an  exact  1/f  spectrum  the  integral 
diverges  at  both  low  and  high  frequencies.  The  high  frequency 
limit  presents  no  problem  since  real  systems  are  limited  in  how 
fast  physical  processes  can  occur.  Many  researchers,  however, 
have  sought  the  low  frequency  limit  to  1/f  noise.  Although 
exceptional  systems  do  show  such  a  cutoff  most  continue  as 
1/f  down  to  the  limit  of  either  the  experimenters  apparatus  or 
patience  In  the  case  of  semiconductor  devices  the  spectral 
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An  exact  1/f  spectrum  requires 

gU)  cc  i. 

This  superposition  of  Lorentzian  spectra  of  different  t  is  valid 
only  if  the  physical  processes  at  different  t  s  are  independent, 
otherwise  the  spectral  density  is  dominated  by  the  smallest  r. 

Although  the  idea  that  1/f  noise  corresponds  to  such  a 
distribution  of  t's  can  be  considered  little  more  than  a  mathe¬ 
matical  identity,  it  is  continually  being  rediscovered  and  ad¬ 
vanced  as  the  "explanation"  of  1/f  noise  Indeed  the  first 
postulation  of  the  distribution  of  t’s  goes  back  to  Bcrnamont8 
in  1937.  The  problem  remains  to  find  a  physical  basis  for  the 
specific  1/t  distribution 

Two  approaches  seem  physically  reasonable.  A  thermally 
activated  process  characterized  by 

E/kT 

T  =  T0  e 

yields  a  I,  r  distribution  from  a  uniform  distribution  in  energy 
E.  Such  a  postulate  was  advanced  independently  in  1950  by 
du  Pre46  and  van  der  Ztel47.  One  might  expect  then  that  ther- 
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mally  activated  processes  would  play  a  dominant  role  in  1/f 
noise  This  does  not  appear  to  be  the  case.  Many  thermal  acti¬ 
vation  models,  such  as  carrier  traps,  are  not  statistically  inde¬ 
pendent  Moreover,  the  thermal  activation  model  predicts  a 
relatively  strong  temperature  dependence  (at  least  oc  T)  for  the 
1/f  noise.  In  practice,  however,  most  systems  exhibit  little 
temperature  dependence  One  notable  exception  is  recent  work 
on  1/f  noise  in  continuous  metal  films  where  the  thermal  acti¬ 
vation  model  is  once  again  being  resurrected48. 

A  second  approach  involves  the  assumption  that  the  t's 
are  determined  by  quantum  mechanical  tunneling  or  overlap  of 
wavefunctions.  In  this  case 


where  \  is  the  characteristic  decay  length  of  the  wavefunction. 
Such  a  model  was  originally  proposed  by  McWhorter  for  the 
trapping  times  of  traps  located  a  distance  x  from  a 
semiconductor-oxide  interface49.  A  uniform  distribution  of 
traps  in  x  gives  g(r)  k  1/t.  The  McWhorter  model  has  re¬ 
mained  the  most  accepted  "explanation"  of  1/f  noise.  In  par¬ 
ticular,  it  appears  to  explain  the  dependence  of  1/f  noise  in 
field  effect  transistors  (FETs)  on  surface  states.  More  recent 
measurements,  however,  on  FETs  with  lower  surface  state 
densities  indicate  that  the  1/f  noise  is  not  due  to  trapping  but 
is  an  intrinsic  property  of  the  conduction  along  the  channel50. 

GENERAL  CHARACTERIZATIONS 

It  is  possible  to  make  several  generalizations  about  the 
behavior  of  1/f  r.oise  in  simple  conducting  systems  One  of  the 
most  useful  characterizations  is  given  by  Hoogc5,: 

svW  2xl0~3  1 
V2  '  Nc  f. 

Although  this  relation  has  been  shown  to  be  incorrect  in  some 
cases,  it  does  summarize  a  large  amount  of  experimental  data 
and  give  a  reasonable  estimate  of  the  size  of  the  I/f  noise. 
The  dependence  of  Sv(f)  on  Nc''  where  Nc  is  the  total  number 
of  carriers  in  the  sample  demonstrates  that  1/f  noise  is  a  size 
effect.  Small  samples  have  large  amounts  of  1/f  noise.  A  large 
current  passing  through  a  small  constiiction  (bad  contact)  is 
noisy  Semiconductors,  with  fewer  carriers  are  noisier  that 
metals  The  fact  that  Sv(f)  °c  V2  suggests  that  the  noise  is  due 
to  resistance  fluctuations  as  is  now  generally  accepted.  The 
resistance  fluctuations  appear  to  be  due  to  mobility  fluctuations 
of  the  earners  rather  than  changes  in  Nc52.  Moreover,  it  has 
been  shown  that  these  resistance  fluctuations  can  be  a  thermal 
equilibrium  property  of  the  system  being  studied53.  The  current 
used  in  measuring  the  1/f  noise  does  not  generate  the  fluctua¬ 
tions  but  only  serves  as  a  probe  of  the  resistance  changes.  The 
same  spectral  density  for  resistance  fluctuations  is  observed 


both  by  measuring  fluctuations  in  Johnson  noise  power  (no 
power  dissipated  in  the  sample)  and  by  probing  with  a  current. 

Other  workers  have  sought  more  natural  ways  of  arriving 
at  a  1/f  spectrum  than  the  distribution  of  t’s.  One  likely  can¬ 
didate  is  a  diffusion  process  which  is  typically  "slow"  and  is 
not  characterized  by  a  single  r.  Richardson54  showed,  however, 
that  diffusion  processes  do  not,  in  general,  give  a  1/f  spectrum 
although  power  law  spectra  of  the  form  1/f'/2  or  1/f322  are 
common.  More  recently  Voss  and  Clarke55  showed  that  many 
of  the  experimental  properties  of  1/f  noise  in  metal  films  could 
be  accounted  for  by  equilibrium  temperature  fluctuations  mod¬ 
ulating  the  resistance.  They  demonstrated  that  the  decay  of  a 
temperature  perturbation  in  a  metal  film  could,  in  fact,  give  the 
logarithmic  time  dependence  of  the  1/f  noise  autocorrelation 
function.  They  also  showed  that  certain  correlated  diffusion 
mechanisms  could  theoretically  give  a  I/f  spectrum.  Recently, 
Hooge56  has  modified  his  relation  to  account  for  the  fact  that 
only  scattering  of  charge  carriers  by  phonons  contributes  to  the 
1/f  noise.  Although  he  is  unwilling  to  call  this  effect  tempera¬ 
ture  fluctuations,  he  does  state  that,  "the  number  of  phonons 
fluctuates  with  a  I/f  spectrum."  It  is  also  known  that  a  one 
dimensional  diffusion  process  driven  by  a  single  localized  white 
'.oisc  source  produces  a  I/f  spectrum  at  high  frequencies. 
Such  a  model  cannot,  however,  account  for  the  equilibrium  1/f 
noise  where  the  sources  must  be  distributed  throughout  the 
sample. 

Although  such  attempts  at  physically  characterizing  the 
I/f  noise  in  specific  systems  has  met  with  moderate  success, 
the  results  arc  not  of  the  universal  nature  that  the  ubiquity  of 
1/f  noise  seem  to  beg.  Attempts  at  universal  theories  have  not 
been  successful  The  inability  of  linear  theories  to  naturally 
predict  the  I/f  spcclrum  has  lead  several  researchers  to  postu¬ 
late  general  non-linear  mechanisms  as  the  origin  of  I/f  noise52. 
An  experimental  measurement  of  statistical  non-linearities  in 
several  1/f  noise  producing  systems  showed  that  some  (but  not 
all)  1/f  noise  mechanisms  arc  associated  with  non-linearities58. 
When  a  non-linearity  was  detected  it  was  associated  with  a 
non-Gaussian  amplitude  distribution. 

In  conclusion,  the  widespread  occurrence  of  I/f  or  flicker 
noise  remains  unexplained.  It  seems  almost  certain  that  there  is 
no  single  physical  mechanism  for  the  1/f  noise  in  so  many 
different  systems.  One  hopes,  however,  for  an  underlying  math¬ 
ematical  unity  more  satisfying  than  the  oft-rcsurrccicd  distribu¬ 
tion  of  t’s. 
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Figure  1.  Samples  of  common  noises  and  their  spectra. 
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Figure  3.  Spectral  density  of  Nile  river  flood  levels 
as  recorded  by  the  ancient  Egyptians. 
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Figure  2.  Relative  resistance  fluctuation  spectrum, 

2 

SJF)/R  ,  for  a  56K  India  ink  resistor.  The  spectrum  is  fit  to 
R  1.21 

1/f  over  10  decades. 
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Figure  4.  Pitch  fluctuations  from  different 
musical  cultures: 
a)  the  Ba-Benzele  Pygmies 
b|  traditional  music  of  Japan 

c)  classical  ragas  of  India 

d)  folk  songs  of  old  Russia 
a)  American  blues 


Figure  5.  Pitch  fluctuations  in  western  music: 

a)  Medieval  music  up  to  1300 

b)  Beethoven,  3rd  Symphony 

c)  Debussey,  piano  works 

d)  R.  Strauss,  ein  Heldenlebe 

e)  the  Beatles,  Sgt.  Pepper 


Figure  6.  Spectral  density,  Sv(f)  for  a 
process  characterized  by  a 
correlation  time,  t  . 
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THE  DOMESTIC  AND  INTERNATIONAL  USE 
OF  THE  RADIO  SPECTRUM 


Donald  M.  Jansky 


National  Telecommunications  and 
Information  administration 


This  paper  will  address  the  policy 
structure  and  organizations  by  which 
the  radio  frequency  spectrum  is 
managed  and  utilized  in  the  United 
States.  These  mechanisms  will  be 
illustrated  through  a  description  of 
activities  taking  place  to  prepare  for 
the  1979  World  Administrative  Radio 
Conference  (NARC-79) .  Particular 
emphasis  on  allocation  proposals  asso¬ 
ciated  with  the  scientific  and  engi¬ 
neering  management  will  be  discussed. 


The  electromagnetic  spectrum  has 
served  man  for  over  50  years.  This 
paper  describes  the  domestic  and  inter¬ 
national  use  which  has  evolved  to 
effectively  manage  the  availability  of 
spectrum  to  provide  continued  services. 
Figure  1  depicts  the  evolution  of  use. 

The  modern  era  began  at  the  Atlantic 
City  Radio  Conference  1947  -  giving 
form  to  the  modern  structure  of  inter¬ 
national  radio  regulations.  Figure  2 
illustrates  the  numerous  propagation 
modes  for  radio  signals;  and  Figure  3 
the  kind  of  services  now  being  performed 
throughout  the  spectrum.  Starting  from 
two  services,  there  are  now  over  40. 

The  International  Telecommunication 
Union  (ITU)  was  born  over  100  years  ago; 
now  has  154  member  nations  (Figure  4). 

It  is  a  one-nation-one-vote  organization, 
providing  international  structure  for 
coordination/regulation  of  the  spectrum. 

Its  structure  is  indicated  in 
Figure  5.  The  most  important  parts  are 
WARC's  since  they  are  treaty  conferences 
for  modification  of  the  Radio  Regulations. 


The  principle  technical  body  is  the  CCIR 
(Figure  6).  The  present  WARC  '79  will 
be  described  later.  U.S.  policy  in  the 
ITU  is  established  by  NTIA,  FCC,  and 
State  (Figure  7) .  These  organizations 
are  focal  points  of  policy  because  of 
their  domestic  responsibilities. 

Domestic  policy  and  structure  of 
spectrum  management  derives  from  the 
Communications  Act  of  1934  (Figure  8) . 

FCC  has  no  formal  spectrum  management 
structure.  The  basic  functions  of  allo¬ 
cation,  licensing  and  assignment  are 
dispersed  among  the  several  bureaus  and 
is  carried  out  under  the  Administrative 
Procedures  Act. 

Executive  Branch  policy  and  manage¬ 
ment  is  carried  out  in  NTIA  (Figure  9) . 
Its  predecessors  have  been  a 
Presidential  Special  Assistant 
(Truman) ;  OCDM  (Eisenhower) ;  OTM 
(Johnson) ;  and  OTP  (Nixon) .  Its 
overall  functions  are  shown  in  the 
referenced  figure. 

It  is  assisted  by  IRAC,  which  is  the 
oldest  Federal  advisory  committee  (Figure 
10) .  It  represents  the  largest  Federal 
users  of  spectrum;  has  liaison  represen¬ 
tation  from  the  FCC.  The  chairman  and 
all  subcommittees  are  provided  by  NTIA. 
Basic  spectrum  policy  is  recommended 
here. 

The  basic  functions  of  national 
spectrum  management  are  shown  in  Figure 
11.  These  are  accomplished  in  NTIA  by 
an  organization  indicated  in  Figure  12, 
with  assistance  from  many  government 
agencies . 

Basic  frequency  authorizing  is 
in  accordance  with  rules  and  regulations 
of  the  NTIA  manual,  which  is  modified 
three  times  annually  upon  recommendations 
of  IRAC.  There  are  4-6,000  assignment 
actions  monthly  overseen  by  the 
Frequency  Assignment  Subcommittee. 

The  process  for  obtaining  a  frequency 
assignment  is  Figure  13;  distribution 
of  users  is  Figure  14. 
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Preliminary  to  authorizing,  major 
systems  must  pass  system  review.  The 
purpose  is  to  show  that: 

o  the  new  systems  will  work; 

o  it  won't  hurt  others;  and 

o  will  husband  spectrum. 

The  review  procedure  is  intended 
to  prevent  what  happened  to  TDRSS 
(Figures  15  and  16) .  Today,  the 
procedure  permits  the  authorizing 
of  JTIDS  in  bands  used  by  safety 
of  life  services  (Figure  17)  . 

Internationally  major  coordination 
is  carried  out  with  respect  to  earth 
stations  and  satellite  networks  in 
accordance  with  provisions  of  Articles 
9A,  7,  Appendices  1A,  IB,  28  and  29  of 
the  radio  regulations.  These  regula¬ 
tions  have  been  incorporated  into  NTIA 
and  FCC  rules  and  regulations.  Figure 
18  illustrates  earth  station 
coordination. 

The  domestic  and  international 
radio  conference  structures  merge  in 
the  context  of  a  World  Administrative 
Radio  Conference.  The  preparatory 
process  structure  is  Figure  19.  After 
over  three  years,  eight  Notices  of 
Inquiry,  hundreds  of  committee  meetings, 
the  U.S.  sent  forth  to  Geneva,  this 
year,  300+  pages  of  proposals.  The 
structure  of  the  conference  is  in 
Figures  20  and  21.  The  U.S.  has 
proposed  new  allocations  in  many 
services.  To  be  successful  the  U.S. 
must  take  into  account  the  needs  of 
other  countries.  To  this  end, 
discussions  have  been  held  with 
countries  in  Figure  22. 

Spectrum  management  is  a  never- 
ending  process  of  coordination  and 
accommodation  seeking  ways  to  serve  man 
through  radio — Figure  23. 
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FIGURE  5 
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FIGURE  9 
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FIGURE  II 
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FIGURE  13 
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FIGURE  16 
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FIGURE  20 
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FIGURE  22 


WARC-79 

•  W  International  COORDINATION 


CATALYST  - 

TECHNICAL  EXCHANGE  -  FAMILIARITY 

(^regionT^) 

CAMEROON 

DENMARK 

EGYPT 

FRANCE 

GERMANY  (FRG) 
GHANA 

GREECE 

ISRAEL 

ITALY 

IVORY  COAST 
KENYA 

LIBERIA 

MOROCCO 

NETHERLANDS 

NIGERIA 

NORWAY 

SAUDI  ARABIA 
SENEGAL 

SUDAN 

SWEDEN 

SWITZERLAND 

TURKEY 

UNITED  KINGDOM 

USSR 

ZAIRE 

(^MGIONn^) 

ARGENTINA 

BRAZIL 

CANADA 

CHILE 

COLOMBIA 

MEXICO 

PANAMA 

PERU 

URUGUAY 

VENEZUELA 

(^regiqn»T) 

AUSTRALIA 

CHINA 

INDIA 

INDONESIA 

IRAN 

JAPAN 

KOREA 

NEW  ZEALAND 

PAKISTAN 

PHILIPPINES 

SINGAPORE 

•  THREE  NATO  JOINT  CIVIL/MILITARY  MEETINGS 


•  CEPT  COUNTRIES  MEETING 

•  THREE  ITU  REGIONAL  SEMINARS 

•  ITU  ■  SPEC.  PREPARATORY  MEETING 

•  CITEL  MEETING 


FIGURE  23 


RADIO  FREQUENCY  MANAGEMENT  IS 
DONE  BY  EXPERTS  WHO  MELD  YEARS  OF 
EXPERIENCE  WITH  A  CURIOUS  BLEND  OF 
REGULATIONS,  ELECTRONICS,  POLITICS 
AND  NOT  A  LITTLE  BIT  OF  LARCENY.  THEY 
JUSTIFY  REQUIREMENTS,  HORSE-TRADE, 
COERCE, BLUFF  AND  GAMBLE  WITH  AN 
INTUITION  THAT  CANNOT  BE  TAUGHT 
OTHER  THAN  BY  LONG  EXPERIENCE. 

VICE  ADMIRAL  JON  L.  BOYES 
U.S.  NAVY 


61 


RADIATION  EFFECTS  IN  BERLINITE 


L.  E.  Halliburton 

Physics  Department,  Oklahoma  State  University 
Stillwater,  Oklahoma,  74074 


L.  A.  Kappers 

Physics  Department,  University  of  Connecticut 
Storrs,  Connecticut,  06268 

and 


A.  F.  Armington  and  J.  Larkin 
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Summary 

Electron  spin  resonance  (ESR) ,  electron- 
nuclear  double  resonance  (ENDOR) ,  and  optical  ab¬ 
sorption  have  been  used  to  investigate  radiation 
effects  in  synthetic  crystals  of  berlinite. 

Crystals  from  seeded  and  unseeded  growth  were  in¬ 
cluded  in  the  study  and  impurities  in  both  types  of 
samples  were  determined  by  emission  spectrographic 
techniques.  The  presence  of  significant  concentra¬ 
tions  of  Fe3+  ions  was  verified  by  ESR  measure¬ 
ments,  and  the  relative  amount  of  random  strain  in 
each  crystal  was  determined  from  the  Fe3+  spin 
resonance  spectrum.  When  the  berlinite  samples 
were  irradiated  at  300  K  with  1.7  MeV  electrons, 
six  distinct  hole-like  centers  were  created.  The 
ESR  spectrum  of  one  of  these  centers,  labeled  B-l, 
could  only  be  observed  at  temperatures  below  30  K 
because  of  line-broadening  due  to  rapid  motional 
effects.  The  other  five  centers,  B-2  through  B-6, 
also  showed  motional  effects  but  could  be  observed 
with  ESR  at  77  K.  At  room  temperature  the  ESR 
signals  from  the  six  centers  were  broadened  beyond 
recognition.  Thermal  anneal  studies  revealed  the 
centers  decay  in  two  groups;  centers  B-l  through 
B-4  decay  near  425  K  while  B-5  and  B-6  decay  at 
550  K.  All  six  centers  exhibited  a  hyperfine 
interaction  with  a  100%  abundant  I  =  1/2  nucleus. 
The  irradiation  induced  a  light  orange  coloration 
in  the  crystals  and  optical  absorption  spectra 
revealed  a  band  at  520  nm  along  with  additional 
absorption  in  the  ultraviolet  region.  When  the 
samples  were  irradiated  at  77  K,  two  additional 
defects  were  produced  which  are  not  stable  at  room 
temperature.  One  of  these  centers  is  identified 
as  atomic  hydrogen  stabilized  at  an  interstitial 
site  in  the  c-axis  channel.  The  hydrogen  atom 
thermally  decays  near  125  K.  The  second  center, 
labeled  B-7,  is  nole-like  and  slowly  decays  as  the 
temperature  is  increased  from  100  K  to  300  K. 

Introduction 

In  recent  years,  berlinite  (AiPOi,)  has  been 
suggested  to  be  an  excellent  candidate  for  use  as  a 
surface  acoustic  wave  (SAW)  substrate  material. 1-4 
It  has  been  shown  to  have  temperature-compensated 


cuts  and  has  piezoelectric  coupling  coefficients 
greater  than  ST  quartz.  However,  berlinite  occurs 
only  rarely  in  nature  and,  moreover,  has  proved 
difficult  to  synthesize  in  the  form  of  large  high- 
quality  crystals.5  Thus,  before  this  material  can 
be  successfully  incorporated  into  SAW-device 
technology,  these  problems  of  large-scale  crystal 
growth  must  be  resolved. 

Evaluation  of  the  quality  of  grown  crystals, 
both  from  the  macroscopic  and  microscopic  view¬ 
points,  is  an  important  source  of  information  to  be 
used  in  selecting  optimum  material  preparation  and 
growth  techniques.  Macroscopic  evaluation  (i.e., 
characterization  of  extended  defects  such  as  voids, 
cracks,  surface  damage,  inclusions,  etc.)  provides, 
of  course,  the  most  valuable  and  easily  obtained 
information  about  crystal  quality  in  the  initial 
stages  of  a  crystal  growth  project.  As  the  quality 
of  the  crystals  improves,  the  need  increases  for 
microscopic  evaluation  (i.e.,  characterization  of 
the  number  and  nature  of  isolated  point  defects)  to 
provide  further  information  on  which  to  base  im¬ 
provements  in  growing  techniques. 

The  most  direct  microscopic  evaluation 
technique  is  elemental  impurity  analysis.  However, 
it  is  often  advantageous  to  know  the  valence  state 
and  local  environment  of  the  various  impurities  as 
well,  and  this  latter  information  can  usually  be 
obtained  from  optical  and  magnetic  resonance  tech¬ 
niques.  Another  dimension  is  added  to  the  micro¬ 
scopic  evaluation  process  when  ionizing  radiation 
is  considered.  In  many  cases,  radiation  will 
change  the  charge  state  of  an  existing  defect  or 
will  trap  an  electron  or  hole  adjacent  to  an  exist¬ 
ing  defect  and,  thus,  make  the  defect  "visible"  in 
subsequent  spectroscopic  measurements.  In  magnetic 
resonance  experiments,  for  example,  superhyper fine 
interactions  which  result  from  an  adjacent  unpaired 
electron  may  allow  diamagnetic  impurities  to  be 
directly  observed. 

With  the  goal  of  helping  to  determine  the 
optimum  growth  conditions,  we  have  begun  a  research 
program  designed  to  investigate  the  fundamental 
properties  of  point  defects  in  single  crystal 
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AiP O4 ,  including  those  defects  and  impurities 
present  in  the  as-grown  crystals  as  well  as  defects 
introduced  by  radiation.  In  the  present  paper,  we 
compare  the  microscopic  defect  behavior  of  ber- 
linite  samples  grown  by  two  different  techniques. 
The  major  impurities  have  been  identified  by 
emission  spectrographic  techniques;  while  electron 
spin  resonance  (ESR) ,  electron-nuclear  double 
resonance  (ENDOR) ,  and  optical  absorption  have  been 
used  to  further  characterize  the  paramagnetic  im¬ 
purities  and  radiation-induced  defects.  The 
temperature  dependence  of  the  radiation  effects  has 
been  monitored  and  models  for  the  defects  are  dis¬ 
cussed. 

Sample; 

Berlinite  has  the  same  crystal  structure  as 
quartz,  the  difference  being  half  the  silicons  are 
replaced  by  aluminum  and  half  by  phosphorus.  As 
further  evidence  of  their  similarities,  the  a  +-+  g 
phase  change  occurs  at  581°C  for  berlinite  and  at 
573°C  for  quartz.  Berlinite  has  a  single  three¬ 
fold  axis,  and  three  separate  two-fold  axes  lying 
in  the  basal  plane.  There  are  four  oxygens  around 
each  cation  and  each  oxygen  links  an  aluminum  and  a 
phosphorus  ion.  The  oxygen-cation  separations  are 
divided  into  short  and  long  bond  lengths;  1.7327  8 
and  1.7452  8  for  the  oxygen-aluminum  bonds  and 
1.5124  8  and  l.f’94  8  for  the  oxygen-phosphorus 
bonds.6  The  aluminum-oxygen-phosphorus  bond  angles 
are  142.6°  and  142.9°  at  room  temperature. 

Single  crystals  of  berlinite  used  in  the 
present  study  were  obtained  from  the  Naval  Weapons 
Center  (located  at  China  Lake,  California)  and  from 
Airtron  (located  at  Morristown,  New  Jersey) . 
Starting  materials  for  the  Naval  Weapons  Center 
samples  were  hydrated  alumina,  Ai(0H)3,  and  phos¬ 
phoric  acid.  The  resulting  solution  was  sealed  in 
a  pyrex  ampoule  and  the  crystals  grew  as  the 
temperature  was  slowly  increased  from  145°C  to 
180°C  at  a  0.5°C  per  day  rate.  No  seed  was  used 
for  the  Naval  Weapons  Center  samples.  In  the  case 
of  the  Airtron  samples,  the  starting  material  was 
produced  by  reacting  concentrated  phosphoric  acid 
with  M.  (OH) 3  in  an  autoclave  at  increasing  elevated 
tenperature,  the  final  temperature  being  approxi¬ 
mately  200°C.  The  Airtron  samples  were  then  grown 
from  seeds  in  a  standard  pressure  autoclave  using  a 
temperature  gradient.  In  this  latter  technique,  it 
was  noted  that  faster  crystal  growth  occurred  in 
the  170-200°C  range. 

A  sample  from  the  Naval  Weapons  Center  and  one 
from  Airtron  were  chemically  analyzed  using 
emission  spectrographic  techniques  and  the  results 
are  shown  in  Table  I .  Both  samples  contained  sig¬ 
nificant  amounts  of  transition-metal  ions  as  well 
as  calcium  and  magnesium. 

Experimental 

The  ESR  spectrometer  used  in  this  work  con¬ 
sisted  of  a  home-built  honcdyne  microwave  bridge 
and  a  9-inch  Fieldial-regulated  Vanan  magnet.  The 
magnetic  field  modulation  frequency  was  100  kHz. 

An  NMR  proton  probe  and  microwave  frequency  counter 


were  used  to  measure  the  gc  and  Ac  values.  The  ESR 
spectrometer  was  modified  for  ENDOR  operation  by 
adding  an  HP  8601A  sweep  generator  and  a  Nicolet 
1073  signal  averager. 

TABLE  I .  Impurity  analysis  in  ppm  atomic . 


AIRTRON  _ NAVAL  WEAPONS  CENTER 


Calcium 

10 

10 

Copper 

20 

10 

Chromium 

30 

— 

Iron 

100 

200 

Gallium 

40 

80 

Magnesium 

80 

30 

Manganese 

30 

80 

Nickel 

20 

40 

Titanium 

10 

50 

All  the  irradiations  of  ESR  samples  were  4 
minutes  in  duration  and  used  1.7  MeV  electrons  from 
a  Van  de  Graaff  accelerator.  The  current  on  the 
sample  was  approximately  0.2  pA/cm2.  Each  ESR 
sample  was  3x3x5  mm3  in  size  and,  during  a  77  K 
irradiation,  was  immersed  directly  m  liquid  nitro¬ 
gen.  Following  an  irradiation,  the  ESR  sample  was 
either  returned  to,  or  kept  at,  77  K  and  placed  in 
a  spring-loaded  Delrin  sample  holder.  The  sample 
and  holder  were  transferred  into  a  liquid  nitrogen- 
filled  finger  Dewar  which,  m  turn,  was  inserted  m 
a  Varian  V-4531  rectangular  microwave  cavity.  When 
ESR  spectra  were  obtained  below  77  K,  an  Air 
Products  Heli-Tran  LTD-3-110  variable  temperature 
system  was  used  instead  of  the  finger  Dewar.  A 
Varian  V-4557  variable  temperature  accessory  was 
used  for  the  thermal  anneal  studies  between  77  K 
and  room  temperature.  For  each  step  of  the  anneals 
above  room  temperature,  the  sample  was  removed  from 
the  microwave  cavity  and  heated  in  a  separate  fur¬ 
nace. 

Optical  absorption  data  were  taken  at  room 
temperature  and  at  77  K  using  a  Cary  14R  spectro¬ 
photometer.  Both  x-rays  (15  mA,  50  kV)  and  1.7  MeV 
electrons  were  separately  used  for  defect  produc¬ 
tion  in  the  optical  studies.  The  samples  were 
mounted  on  a  cold-finger  of  an  optical  cryostat  and 
measurements  were  taken  with  light  polarized  per¬ 
pendicularly  to  the  c-axis. 

Results  and  Discussion 

Prior  to  any  irradiation,  a  prominent  electron 
spin  resonance  spectrum  was  found  in  both  the  Naval 
Weapons  Center  sample  and  the  Airtron  sample.  At 
77  K  with  the  magnetic  field  parallel  to  the  c-axis, 
this  X-band  spectrum  consists  of  a  series  of  lines 
of  varying  intensity  extending  from  1000  gauss  to 
near  9000  gauss  and  has  been  attributed  to  isolated 
Fe3+  10ns  located  at  substitutional  sites.7'8  The 
Fe3+  spectrum  from  each  of  the  two  samples  is  shown 
in  Fig.  1;  the  ESR  spectrometer  was  operated  with 
identical  settings  in  ooth  cases  to  allow  direct 
comparison.  The  -1/2  *-*  +1/2  transition,  which 
occurs  near  1575  gauss,  is  insensitive  to  random 
strain  within  the  crystal  and,  thus,  provides  a 
measure  of  the  relative  concentration  of  Fe8+  in 
the  two  samples.  The  data  in  Fig.  1  suggest  the 
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Naval  Weapons  Center  sample  contains  a  factor  of 

1.6  more  iron  than  the  Airtron  sample  and,  thus, 
lends  support  to  the  emission  spectrographic  analy¬ 
sis  summarized  in  Table  I,  where  the  Naval  Weapons 
Center  sample  was  estimated  to  contain  a  factor  of 
two  more  iron  than  the  Airtron  sample. 

Even  more  importantly,  the  random  strain  with¬ 
in  the  crystal  can  be  determined  directly  from  the 
Fe3+  spectrum.  The  3/2  +-*■  5/2  type  transition, 
occurring  near  8620  gauss,  is  the  most  sensitive  to 
random  strain,  and  by  comparing  linewidths  of  the 
3/2  ■*->■  5/2  transition  and  the  -1/2  -*-+  +1/2  transi¬ 
tion,  a  relative  measure  of  the  random  strain  with¬ 
in  the  crystal  is  obtained.  Changes  in  lmewidth 
are  easily  detected  as  changes  in  intensity  and 
examination  of  the  spectra  in  Fig.  1  yields  0.15 
and  0.34  for  the  intensity  ratio  of  the  two  previ¬ 
ously  mentioned  transitions  for  the  Airtron  and  the 
Naval  Weapons  Center  sanples,  respectively.  In  a 
crystal  having  no  detectable  strain  this  intensity 
ratio9  becomes  0.56.  Thus,  our  data  show  a  sig¬ 
nificant  increase  in  strain  for  the  Airtron  sample 
as  compared  to  the  Naval  Weapons  Center  sample;  a 
result  in  agreement  with  expectation  for  seeded 
versus  non-seeded  crystal  growth. 

The  optical  absorption  spectrum  of  an  unirra¬ 
diated  Naval  Weapons  Center  sample  is  shown  in  Fig. 
2a.  The  sample  is  transparent  throughout  the  vis¬ 
ible  region  but  shows  a  broad  absorption  peaking  at 

5.7  eV.  This  ultraviolet  band  may  be  due  to 
transition-metal  impurities  such  as  Fe3+  or  oxygen- 
vacancy-related  defects.  When  this  same  sample  is 
exposed  to  x-rays  for  15  hours  at  room  temperature, 
additional  absorption  bands  appear  near  2.4,  4.0, 
and  5.9  eV  as  illustrated  in  Fig.  2b.  These  radia- 
tion-mduced  bands  give  the  crystal  a  light  orange 
coloration.  Further  irradiation  with  1.7  MeV 
electrons  (4  minutes,  0.2  uA/cm2)  at  room  tempera¬ 
ture  greatly  enhances  the  absorption  throughout  the 
visible  and  ultraviolet  as  shown  in  Fig.  2c. 

Additional  information  concerning  the  struc¬ 
ture  of  the  radiation-induced  defects  in  AiPOi,  can 
be  obtained  from  analysis  of  their  ESR  spectra. 
Electron  irradiation  of  an  Airtron  sample  at  77  K 
gives  rise  to  the  ESR  spectrum  shown  in  Fig.  3  when 
the  magnetic  field  is  parallel  to  the  c-axis.  In 
addition  to  the  Fe3+  lines  discussed  earlier,  a 
widely  split  pair  of  lines  labeled  E  as  well  as  a 
set  of  very  intense < lines  near  g  =  2.0  are  observed. 
The  lines  labeled  E  have  a  c-axis  splitting  of 
4350  gauss,  exhibit  only  a  small  angular  depend¬ 
ence,  and  are  thought  to  arise  from  an  unpaired 
electron  interacting  with  a  100%  abundant  I  =  1/2 
nucleus.  From  such  a  large  splitting,  one  can 
infer  the  hyperf ine  interaction  is  wi th  a  phos¬ 
phorus  nucleus  and  that  the  unpaired  electron  is 
strongly  localized  on  the  phosphorus.19  From 
analogy  with  quaitz,  we  believe  the  model  for  this 
defect  consists  of  an  oxygen  vacancy  with  an  un¬ 
paired  electron  trapped  m  an  sp3  hybrid  orbital  of 
the  adjacent  phosphorus.  This  proposed  model  is 
illustrated  in  Fig.  4, 

The  intense  lines  observed  near  g  =  2.0 
following  electron  irradiation  at  77  K  are  shown  on 
an  expanded  scale  in  Fig.  5.  The  data  presented  in 


Fig.  5  was  obtained  from  a  Naval  Weapons  Center 
sample  and  the  Airtron  sample  gave  nearly  identical 
results.  Two  distinct  doublets  are  observable  and 
neither  show  any  angular  dependence.  The  outer 
doublet  is  split  by  508.3  gauss;  a  value  very 
characteristic  of  hydrogen  atoms.  The  analogous 
spectrum  in  quartz  has  been  assigned  to  inter¬ 
stitial  hydrogen  atoms  located  in  the  c-axis 
channels1*  and  we  believe  a  similar  model  applies 
in  berlinite.  The  doublet  with  the  smaller  split¬ 
ting  in  Fig.  5  is  labeled  the  B-7  center.  (The 
symbol  B  is  taken  from  the  word  berlinite.)  The 
gc  value  for  the  B-7  center  is  2.0106,  thus  making 
it  hole-like,  and  the  c-axis  splitting  is  34.0 
gauss.  The  relatively  large  linewidth  of  the  B-7 
center  suggests  the  presence  of  considerable  un¬ 
resolved  hyperf ine  effects. 

In  Fig.  6,  the  spin  resonance  spectrum  ob¬ 
tained  after  77  K  irradiationis  compared  with  that 
obtained  after  300  K  irradiation.  Both  traces  were 
taken  at  77  K.  The  dominant  spectrum  very  near  the 
g  =  2.0  region  following  a  77  K  irradiation  is  the 
B-7  doublet  as  shown  in  the  top  trace.  In  the 
lower  trace,  after  a  300  K  irradiation,  the  B-7 
center  is  not  seen;  but  instead,  a  series  of  other 
doublets  appear  with  the  most  prominent  being 
labeled  B-2,  B-3  and  B-4.  The  latter  three  centers 
all  have  hole-like  g  shifts  and  similar  doublet 
splittings,  varying  between  36  and  39  gauss.  Table 
II  contains  the  c-axis  g  values  and  c-axis  split¬ 
tings,  gc  and  Ac,  for  all  the  B-type  centers  ob¬ 
served  in  the  present  investigation. 

TABLE  II.  The  c-axis  g  values  and  c-axis  hyperf ine 
splittings  for  the  radiation-induced  B  centers. 


Center 

9c 

Ac (gauss) 

B-l 

2.0618 

35.3 

B-2 

2.0422 

38.8 

B-3 

2.0276 

36.6 

B-4 

2.0104 

38.0 

B-5 

2.0134 

8.3 

B-6 

2.0093 

9.0 

B-7 

2.0106 

34.0 

The  three  doublets,  B-2,  B-3  and  B-4,  were 
distinguished  by  their  different  line-broadening 
characteristics.  Following  a  300  K  irradiation  of 
a  Naval  Weapons  Center  sample,  ESR  spectra  were 
measured  at  90  K  and  45  K  as  shown  in  Fig.  7.  At 
90  K,  the  B-4  center  predominates  while  the  other 
centers  are  broadened  nearly  beyond  recognition 
At  45  K,  both  the  B-2  and  the  B-4  centers  are 
easily  seen  but  the  B-3  center  is  reduced  in  rela¬ 
tive  intensity  when  compared  to  the  77  K  spectrum 
shown  in  the  lower  portion  of  Fig.  6.  When  spectra 
of  this  same  crystal  were  taken  at  38  K  and  15  K  a 
new  doublet,  labeled  B-l  in  Fig.  8,  becomes  observ¬ 
able.  The  B-l  doublet  is  only  partially  resolved 
at  38  K,  but  has  narrowed  and  completely  dominates 
the  spectrum  at  15  K.  Because  of  the  large  inten¬ 
sity  of  the  B-l  center  at  15  K,  the  spectrometer 
gain  was  reduced  by  a  factor  of  50  in  the  lower 
trace  of  Fig.  8.  At  77  K,  the  B-l  center  is  broad¬ 
ened  beyond  recognition  and  thus,  its  presence  can¬ 
not  be  determined  by  electron  spin  resonance  at 


64 


this  temperature  even  though  it  is  one  of  the 
dominate  defects  in  the  crystal. 

The  c-axis  splitting  of  the  B-l  center,  given 
in  Table  II,  is  very  similar  to  that  of  the  B-2, 

B-3,  B-4,  and  B-7  centers.  In  order  to  verify  that 
this  splitting  was  a  hyperfine  effect  and  to  iden¬ 
tify  the  specific  nucleus  involved,  an  electron- 
nuclear  double  resonance  (ENDOR)  experiment  was 
performed.  At  5  K,  the  B-l  center  was  sufficient¬ 
ly  saturated  by  microwave  power  to  obtain  the  ENDOR 
spectrum  shown  in  Fig.  9.  Two  ENDOR  lines, 
separated  by  12.0  MHz,  were  observed  when  the 
magnitude  of  the  magnetic  field  was  3241  gauss  and 
the  direction  was  parallel  to  the  c  axis.  A  split¬ 
ting  of  11.2  MHz  is  predicted  for  the  free  phos¬ 
phorus  nucleus  and  higher  order  corrections  in  the 
spin  Hamiltonian  bring  the  predicted  value  into 
agreement  with  the  observed  value.  The  only  other 
reasonable  candidate  for  the  nucleus  was  hydrogen, 
but  its  ENDOR  splitting  would  have  been  27.6  MHz. 

These  ENDOR  results  clearly  identify  phos¬ 
phorus  as  the  nucleus  giving  rise  to  the  resolved 
hyperfine  splitting  in  the  ESR  spectrum  of- the  B-l 
center  and,  by  inference,  in  the  spectra  of  the  B-2, 
B-3,  B-4,  and  B-7  centers.  We  suggest  that  these 
B  centers  may  be  variations  of  a  basic  defect  con¬ 
sisting  of  a  hole  trapped  in  a  non-bonding  oxygen 
p  orbital.  This  hole  would  be  stabilized  within 
the  lattice  by  an  unidentified  entity  replacing 
the  adjacent  aluminum  ion.  On  the  other  side  of 
the  hole,  there  would  be  the  normal  phosphorus  ion 
to  give  the  observed  hyperfine  splittings.  The 
lack  of  observable  hyperfine  interaction  with  an 
aluminum  nucleus,  at  least  in  the  case  of  the  B-l, 
B-2,  B-3,  and  B-4  centers,  also  supports  the  be¬ 
lief  that  the  adjacent  aluminum  ion  has  been 
replaced.  This  proposed  model  for  these  B  centers 
is  illustrated  in  Fig.  10.  Each  B  center  would 
most  likely  have  a  different  stabilizing  entity, 
but  at  this  time  their  identities  are  unknown. 

Two  additional  B-type  centers  are  resolved  by 
annealing  a  sample  to  475  K  for  5  minutes  following 
a  room  temperature  irradiation.  The  ESR  spectra 
taken  before  and  after  the  high  temperature  anneal 
are  shown  in  Fig.  11.  These  two  remaining  over¬ 
lapping  doublets  are  labeled  B-5  and  B-6  and  their 
gc  and  Ac  parameters  are  given  in  Table  II.  The 
fact  that  there  are  actually  two  overlapping 
doublets  left  after  the  475  K  anneal  was  verified 
by  taking  additional  data  at  20  GHz  where  the  two 
doublets  are  easily  distinguished  from  each  other. 
Since  the  c-axis  splitting  for  the  B-5  and  B-6 
centers  is  approximately  4  times  smaller,  it  is  not 
clear  that  the  model  proposed  for  the  other  B  cen¬ 
ters  would  be  valid  for  the  B-5  and  B-6  centers. 

The  thermal  stabilities  of  the  various  radi¬ 
ation-induced  defects  m  AiPOt,  are  summarized  in 
Fig.  12.  Only  the  hydrogen  atom  H°  and  the  B-7 
center  were  produced  by  the  initial  irradiation  at 
77  K.  The  hydrogen  atom  decayed  near  125  K  while 
the  B-7  center  slowly  decays  over  the  100  to  300  K 
temperature  range.  However,  if  the  sample  is  irra¬ 
diated  at  room  temperature,  then  the  B-l  through 
B-6  group  of  centers  are  created.  The  decay  of 


these  centers  occurs  in  two  distinct  temperature 
regions.  The  B-l,  B-2,  E-3  and  B-4  centers  all 
decay  near  425  K.  In  addition  to  having  the  same 
decay  temperature,  these  four  centers  also  have 
nearly  the  same  c-axis  hyperfine  splittings  of 
approximately  35  to  38  gauss.  On  the  other  hand, 
the  B-5  and  B-6  centers  both  decay  near  550  K  and 
have  about  the  same  c-axis  splittings  of  9  gauss. 

This  work  was  supported  in  part  by  the  U.  S. 
Air  Force  under  contract  F19628-77-C-0171  and  by 
NSF  Grant  DMR77-08465. 

References 

1.  Z.  P.  Chang  and  G.  R.  Barsch,  "Elastic  Con¬ 
stants  and  Thernal  Expansion  of  Berlinite," 
IEEE  Trans,  on  Sonics  and  Ultrasonics,  SU-23, 
127,  1976. 

2.  R.  M.  O'Connell  and  P.  H.  Carr,  "High  Piezo¬ 
electric  Coupling,  Temperature  Compensated 
Cuts  of  Berlinite,  AP.PO4 ,  for  SAW  Applica¬ 
tions,"  IEEE  Trans,  on  Sonics  and  Ultrasonics 
SU-24 ,  376,  1977. 

3.  R.  M.  O'Connell  and  P.  H.  Carr,  "Progress  in 
Closing  the  Lithium  Niobate  -  ST  Cut  Quartz 
Piezoelectric  Coupling  Gap,"  Proc.  of  the  32nd 
Annual  Symp.  on  Frequency  Control,  p.  189, 

1978. 

4.  D.  G.  Morency,  W.  Soluch,  J.  F.  Vetelino,  S. 

D.  Mittleman,  D.  Harmon,  S.  Surek,  J.  C. 

Field,  and  G.  Lehmann,  "Experimental  Measure¬ 
ment  of  the  SAW  Properties  of  Berlinite," 

Appl .  Phys.  Lett.,  33,  117,  1978. 

5.  E.  D.  Kolb  and  R.  A.  Laudise,  "Hydrothermal 
Synthesis  of  Aluminum  Orthophosphate,"  J. 
Crystal  Growth,  43,  313,  1978. 

6.  Von  D.  Schwarzenbach ,  "Verfeinerung  der 
Struktur  der  Tiefquarz-Modifikation  von 
AJIPO4,"  Zeitschrift  fiir  Kristallographie,  123, 
161,  1966. 

7.  U.  Krauss  and  G.  Lehmann,  "EPR  of  Fe3+  in  Low 
Quartz  Isomorphs  A(III)B(V)Oi, ,"  Z.  Naturforsch. 
Teil  A,  30,  28,  1975. 

8.  R.  Lang,  C.  Calvo,  and  W.  R.  Datars,  "Phase 
Transformation  in  AJtP04  and  Quartz  Studied  by 
Electron  Paramagnetic  Resonance  of  Fe3+,"  Can. 
J.  Phys.,  55,  1613,  1977. 

9.  J.  E.  Wertz  and  J.  R.  Bolton,  "Electron  Spin 
Resonance;  Elementary  Theory  and  Practical 
Applications,"  (McGraw-Hill,  New  York,  1972). 

10.  G.  D.  Watkins,  "Electron  Paramagnetic  Reso¬ 
nance  of  Point  Defects  in  Solids,  with 
Emphasis  on  Semiconductors,"  in  "Point  Defects 
in  Solids"  edited  by  J.  H.  Crawford  and  L.  M. 
Slifkin,  Vol.  2,  Chapter  4,  (Plenum  Press,  New 
York,  1975) . 


65 


OTON  ENER6 

Fj«'irf 
n  of  a  i va/ar  weap 
)  after  x-irradia 


1  H°  ATOM 


n  B-7 


3000  3500  GAUSS 


Figure  5.  Naval  Weapons  Center  sample  after  electron  irradiation  at  77  K. 
The  microwave  frequency  is  9.14  GHz . 
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Comparison  of  77  K  irradiation  and  300  K  irradiation. 
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Fiaure  7. 

ESR  spectra  of  berlimte  taken  at  90  K  and  45  K  following  a  room 
temperature  electron  irradiation.  The  microwave  frequency  is 
9.27  GHz. 
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Figure  10.  Proposed  model  for  the  B-type  centers. 
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Figure  1 1 . 

Comparison  of  room- temperature  electron-irradiated  berlimte 
sample  before  and  after  anneal  to  475  K. 


Figure  9. 

Electron-nuclear  double  resonance  (ENDOR)  spectrum  of  the 


Figure  12.  Thermal  anneal  behavior  of  radiation-induced  defects  m  berlmite. 
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Summary 

Samples  of  berlinite  (AIPO4)  have  been  grown 
by  two  different  methods  from  the  solution  AIPO4/H3 
PO4  in  an  autoclave  of  250  cin  capacity.  At  the  pre¬ 
sent  time,  typical  sizes  are  in  the  centimeter  ran¬ 
ge.  Such  plates  have  been  measured  in  both  bulk  and 
surface  configurations  and  the  results  have  been 
compared  with  the  computed  values. 

From  computation  of  the  first  order  bulk 
frequency  temperature  coefficients  (FTC)  a  zero  TC 
cut  behaviour  was  expected  for  (Y  +  0)  -  plates 
with  0=30° .  This  condition  is  slightly  different 
for  open  and  short  circuit  resonant  frequencies. 
Experiments  have  been  carried  out  at  7.5  MHz.  The 
Q-factor  of  the  resonators  was  found  to  be  about 
1000,  and  the  resonant  frequencies  exhibit  a  cubic 
variation  versus  temperature. 

In  addition,  the  SAW  propagation  parameters 
have  been  recalculated.  The  experimental  results 
presently  available  concern  Y-cut  X-propagation  de¬ 
lay  lines  operating  at  225  MHz.  Good  agreement  bet¬ 
ween  theory  and  experiment  has  been  obtained.  Fur¬ 
thermore,  this  experimental  configuration  is  a  zero 
-  FTC  -  cut.  Its  second  order  FTC  is  one  magnitude 
higher  than  the  ST-quartz  value.  Other  theoretical 
zero-FTC  cuts  have  been  found  (with  up  to  0.8  7, 
coupling  coefficient).  These  results  show  thatAlPOq 
has  very  interesting  properties  with  regard  to  prac¬ 
tical  applications,  but  they  also  indicate  the  need 
for  further  experimental  investigations. 


I-  Introduction 

For  both  bulk  and  surface  wave  devices,  re¬ 
search  on  high  -  coupling  material  with  a  good  tem¬ 
perature  stability  and  satisfactory  mechanical  pro¬ 
perties  continues  to  attract  attention.  Some  recent 
published  results  for  berlinite  (AIPO4)  have  demons¬ 
trated  the  potential  interest  of  this  material. 

Berlinite  is  a  trigonal  crystal  with  32sym- 
ir.etry,  like  quartz.  Its  acoustic  velocity  is  lower 

but  it  has  zero  temperature  coefficients  of  frequen¬ 
cy  (FTC)  in  both  surface  and  bulk  propagation.  Also, 
its  coupling  is  roughly  four  times  higher  than  that 
of  quartz. 

This  paper  describes  theoretical  and  expe¬ 
rimental  results  concerning  this  crystal.  Berlinite 
has  been  grown  by  hydrothermal  methods  in  the  Brit¬ 
tany  laboratories  of  CNET,  and  the  methods  will  be 
described  below.  Samples  have  been  tested  on  bulk 
and  surface  wave  devices  at  the  Issy-les-Moulineaux 
laboratories.  Computed  results  are  compared  here 
with  experiments. 


Dept  CPM/PMT 
22301  Lannion  (France) 

II  -  Crystal  Growth 

Owing  to  its  580°  C  phase  transition,  Berlini¬ 
te  is  conveniently  grown  by  the  hydrothermal  method 
at  low  temperature.  We  have  used  AIPO4  /H3PO4  solu¬ 
tions  ll]  ,  below  250°C  and  H3PO4  concentrations 
lower  than  10  M.  As  shown  on  Fig.  1 ,  solubility  de¬ 
creases  with  temperature,  and  therefore  at  least 
two  methods  are  relevant  :  slow  increase  of  tempe¬ 
rature  of  the  saturated  solution  as  used  by  Stanley 
[2]  and  later  by  Kolb  et  al  [3]  ,  and  the  reverse 
temperature  gradient  method.  Both  methods  have  been 
tested,  using  250  cm3  autoclaves  lined  with  PTFE, 

Ag  or  Pt  to  prevent  corrosion.  Two  independant 
heater  windings  allow  the  control  of  the  tempera¬ 
ture  and  its  gradient. 

S 


P j<l ■  !•  Solubility  curve  of  AIPO4  in  H$P04  versus 
temperature  ( Pressure  <  20  bar). 


The  method  of  slow  heating  has  been  studied 
under  various  conditions.  The  amount  of  AIPO4 
(MERCK  SELECTIPUR)  in  the  solvent  H3PO4  is  such 
that  it  produces  a  saturated  solution  at  the  begin¬ 
ning  of  the  heating  cycle  (Tc) .  This  solution, in¬ 
cluding  seeds,  is  first  rapidly  raised  up  to  the 
crystallization  temperature  (to  prevent  unwanted 
dissolving  of  the  crystal)  and  then  slowly  heated 
at  a  selected  rate  during  the  growth  period. 
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Similarly,  at  the  end  of  the  process,  the  autoclave 
is  rapidly  quenched  in  cold  water  and  the  crystals 
immediately  removed.  We  finally  selected  the  condi¬ 
tions  given  in  Table  I  and  obtained  crystals  up  to 
3  cm  along  the  c-axis  (Fig-  2).  The  growth  rate  is 
given  on  Fig.  3. 


Table  I 


[  H3  po4  ] 

6.5  M 

9.5  M 

[aIPOa  ] 

1.54  M/1 

2.5  M/1 

V  T2 

(Cumulative) 

154  -  184°C 

160  -  1 30°C 

A  T/day 

2 

1.5 

Experimental  conditions  selected  for  the  lstmethod 
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Fig-  2.  AlP04  crystals  grown  on  cut  (001)  seeds, 
<2j  ter  two  successive  growth  generations,  by  slow 
heating  in  following  coniditions  : 

-1.54  Mole  of  AlP04  in  P04  6.5M 

-  Heating  rate  :  3°C/  day 

-  Initial  Temperature  :  Ti  =  154°C 

-  Final  Temperature  :  Tf  =  198°C. 


The  second  method  tends  to  produce  larger 
and  more  homogeneous  samples  since  the  experimental 
conditions  are  constant  during  the  growth.  The  ex¬ 
perimental  set  up  using  a  80  %  filled  autoclave,  is 
shown  in  Fig.  4.  The  nutrient  obtained  from  previous 
nucleations  is  at  the  top  of  the  autoclave  and  the 
seeds  are  at  Che  bottom.  Transfer  of  material  is 
then  the  result  of  free  convection  of  the  solution. 
Various  conditions  have  been  examined  by  varying 
the  temperature,  the  gradient  and  the  solvent  con¬ 
centration.  The  finally  selected  conditions  and  the 
resulting  rates  are  summarized  on  Tables  II  and  III, 
and  Figs  5-6.  In  addition,  the  activation  energy 
Q  =-14  Kcal/Hole  has  been  obtained  from  the  plot 
of  the  growth  rate  versus  temperature 

[L°8  voool  =  f  (l/Tf)J. 


Fkj  b 


Fig.  3.  Dependence  of  growth  rate  (0001)  on  AT 
(6  T  =  Tf  -  Ti)  (figure  a)  and  plot  of  log  V  (0001) 
as  a  function  of  j( figure  b). 
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Teflon  liner 


Plunger 


Nutrient 

Baffle 


Solvent 


Seeds 


Ti 
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Fig.  4.  Schematic  of  hydrothermal  system  used  for 
AIPO4  growth  with  a  reverse  tempemture  gradient 
(T2>Ti). 


Table  III 


[H3  P0/>  ] 

6.5  M 

Tl 

169°  C 

T 

174°  C 

2 

filling 

80  % 

Selected  conditions  for  the  2n^ method 


Fig. a 


-LOG  V(OOOI) 


Fig.b 

Fig-  5.  Dependence  of  growth  rate  (OOOl)  on  the 
temperature  of  crystallization  temperature  Tc 
(figure  a)  and  plot  of  log  v  (OOOl)  as  a  functioi 

°r(k) 


Hg.  6.  Dependence  of  growth  rate  (0001)  on  the 
temperature  gradient  T  (crystallization  temperatu¬ 
re  Tc  =  186°C) . 

Several  samples  have  been  already  tested  for 
acoustic  propagation.  At  present,  most  of  the  re¬ 
sults  concern  samples  obtained  by  the  first  method. 
These  crystals  are  about  1.5  cm  long.  The  best  zo¬ 
nes  have  been  selected  by  X  ray-topography,  etching 
and  polarizing  microscopy. 

Crystals  of  relatively  small  size  obtained 
from  the  second  method  are  already  available 
(fig.  7.).  Their  quality  is  very  good  and  they  are 
currently  under  investigation. 


Tig-  7.  AlPn*  crystal  grown  on  (0001)  seed,  by  the 
temperature  gradient  method,  in  following  condi¬ 
tions  :  Tc  =  174°C 

'I'd  =  169°C 

H3PO4  6.SM  (saturated  a  174°C  with  dis¬ 
solved  AIPO4) 

0/0  fill  :  80 


III  -  Bulk  Have  Propagation 


In  the  bulk  wave  field  the  results  of  Chang  and 
Barsch  [  A  J  and  Ballato  [  5]  have  pointed  out  the 
attractive  properties  of  Y-rotated  and  doubly  rota- 
fed  cuts  of  Berlinite  in  terms  of  its  large  cou¬ 
pling  coefficient  (twice  that  of  quartz),  with  the 
constraint  of  zero  first  order  frequency  tempera¬ 
ture  coefficient  (FTC).  We  have  investigated  the 
behaviour  of  this  crystal  with  respect  to  its  2nd 
order  FTC. 


It  is  well  known  that  the  attraction  of 
quartz  is  due  to  the  simultaneous  cancellation  of 
the  1  stand  order  FTC  in  the  AT  cut  and  in  some 
doubly  rotated  cuts  [6]  .  Similar  conditions  hold 
in  Berlinite. 


For  our  computations  we  use  the  classical 
model  of  an  infinite  plate  with  massless  electro¬ 


des, 
mu  la 


which  leads  to  the  well  known  impedance  for- 

17  -  8] 

>=-7“-  ['  -  Ik?  --It---  1  > 


=  -4-  [, 

JCnU  1 


where  C0  is  the  high  frequency  capacitance  k,-  is 
the  coupling  coefficient  of  mode  i  and  e.__w  h _ 

depends  upon  the  angular  frequency  to  ,  the  phase 
velocity  of  mode  i  and  the  thickness  h  of  the  pla¬ 
te.  Poles  and  zeros  of  Z  (j  m)  defines  the  antire¬ 


sonance  and  resonance  frequencies  of  the  plate.  The 
FTC  are  obtained  from  the  frequencies  computed  for 
temperatures  around  the  reference  point.  For  each 
antiresonance  or  resonance  frequency  (any  mode  and 
any  order  of  overtone)  a  polynomial  approximation 
technique  is  used  to  obtain  a  temperature  law  from 
which  the  FTC  of  orders  up  to  the  3r“are  computed. 


Fig. 8.  Flow  Chart  of  the  computer  program  used 
to  Compute  the  F.T.C. 


The  computer  program  written  (Fig.  8)  for  this  pur¬ 
pose  was  checked  against  the  results  published  for 
high  order  FTC  of  Y  rotated  quartz  by  Bechmann  et 
al  [6]  . 

The  material  constants  were  obtained  from  Ref. 

[4Jwith  2naand  3rd  order  temperature  coefficients 
of  the  elastic  constants  calculated  from  Table  IV 
of  this  reference  by  polynomial  least  square  ana¬ 
lysis.  The  values  used  are  given  in  Table  IV  where 
it  can  be  seen  that  high  order  TC  are  much  larger 
than  for  quartz. 


Table  IV 


Constants 


C(1 ,1)  =  .64013  E+l  I 
C(l, 2)  =  .0724  E+l! 
CO, 3)  =  .09554  E+ll 
CO  ,4)  =  .  12347  E+ll 
C ( 3 , 3 )  =  .85754  E+ll 
C(4 ,4)  =  .43171  E+ll 
C(6,6)  =  .28381  E+ll 
8  0,1)  =  -  .30 
EO, 4)  =  .13 

EPS  (1,1)  =  5.19  E-l 1 
EPS  (3.3)  =  5.19  E-ll 


Ist  order  coefficients] 


TICO  ,  I) 
TICO, 2) 
TICO, 3) 
TICO  ,4) 
TICO, 3) 
TIC(4 ,4) 
TIC(6 ,6) 
TIEO.I) 
TIE ( 1,4) 
TIL( 1,1) 
TIL  (3,3) 


-77.8E-6 
-I409.E-6 
-I27.2E-6 
62.4E-6 
-223.5E-6 
-169.74  E-6 
88.74  E-6 
-266. E-6 
-561 .E-6 
15. 9 E-6 
9.7E-6 


2ndorder  coefficients!  3raorder  coefficients 


T2C( 1,1) 
T2C( 1  ,2) 
T2C(I ,3) 
T2C(I ,4) 
T2C(3 ,3) 
T2C(4 ,4) 
T2C(6,6) 


353. E-9 
3800. E-9 
84 19. E-9 
-1558. E-9 
-388. E-9 
-555. E-9 
-885. E-9 


T2I.O.I)  -  7.62E-9 
T2L(2 ,2)  =  7.62E-9 


T3C( 1,1) 
T3CO  ,2) 
T3C( I ,3) 
T3C( 1 ,4) 
T3C(3,3) 
T3C(4 ,4) 
T3C(6 ,6) 


-1495.1 

27037.1 

67000.1 
-9272.1 
2138. E- 
-1603.1 
4835. E- 


T21.(3,3)  = 


7.54E-9  ! 


r  nst-mts  of  /[IPO. ;  .  •brained  frm  ref  I'll  and  /•<  - 
computed  jor  the  determination  of  higher  order  Ur r- 
p>  i*(ir t<iv  . 


Fi‘J-  8.  Properties  of  Y  rotated  plates  ( phase  ve¬ 
locities,  coupling  coefficient,  l«t0rder  FTC)  for 
the  tmnsverse  modes  B  and  C. 
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The  results  concerning  the  first  order  FTC 
are  plotted  in  Fig. 9.  for  the  fast  transverse  (B) 
and  the  slow  transverse  (C)  branches.  These  results 
are  consistent  with  previously  published  data[4-5]. 
It  should  be  emphasized  th?t  the  FTC  for  the  reso¬ 
nant  and  antiresonant  frequencies  are  significantly 
different.  This  is  due  to  the  relatively  large  cou¬ 
pling  coefficient  as  shown  by  Onoe  [9]  .  This  is 
emphasized  on  Fig.  10.  The  2n<Wder  FTC  is  plotted 
on  Fig.  II  for  Y  rotated  cuts.  The  computed  thermal 
behaviour  of  several  Y  rotated  resonators  is  given 
on  Fig. 12. 


Fig ■  10.  Computed  first  order  RFTC  and  AFTC  of  Y 
rotated  plates  of  quartz  and  AIPO4  in  the  vicinity 
of  their  AT  cuts. 


Fig.  1 1 .  Computed  2nc*  order  R.F.T.C.  of  Y  rotated 
plates  of  Berlinite  (Piezo  mode  only). 


Fig.  12.  Computed  thermal  behaviour  of  some  Y  ro¬ 
tated  plates. 
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a) 


b) 


Fia.  13.  Amplitude  frequency  response  of  Y  rotated 
resonators. [a)  Y  +  23°30'}  b)  Y  +  29°4 5  ;  with 
static  capacitance  compensated  in  a  bridge J. 


Resonators  with  Y,  Y  +  29° 45  ,  Y  +  23°30  orien¬ 
tations  have  been  measured  on  several  samples  in 
each  case.  The  plates  used  were  0.2  mm  thick  with 
thin  gold  electrodes  of  1  to  3  mm  diameter  deposi¬ 
ted  on  plate  regions  free  from  macroscopic  twining. 
For  the  best  samples  the  Q  factor  was  around  1000. 
The  electrical  response  is  clean  and  typical  of 
trapped  energy  resonators  (Fig.  13).  Experimental 
evidence  of  the  occurence  of  conventional  energy 
trapping  was  obtained  by  X-ray-topography  of  the 
vibrating  samples  (Fig.  14).  The  observed  coupling 
coefficients  are  somewhat  dispersed.  The  maximum 
value  of  24  %,  measured  with  Y  cut  resonators,  is 
consistent  with  theory.  The  experimental  frequency 
versus  temperature  behaviour  of  Y  +  29°45  resona¬ 
tors  is  plotted  on  Fig.  15.  A  comparison  with  com¬ 
puted  results  is  summarized  in  Table  V. 


Fig.  14.  X  ray  topography  of  a  vibrating  Y  +  23°30' 
resonator. 


Fig.  IS.  Experimental  frequency  temperature  beha- 
t Hour  of  Y  +  2904S’  cut. 
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a)  Y  +  29°45 


Table  V 


Experimental 

Computed 

lstR.F.T.C('>C"l) 

-  .  28  10-4 

.  47  10"5 

2ndR.F.T.C(°C-2) 

-  .  47  10"6 

-.18  I0-6 

K  (%) 

-v  7 

16 

UFA  (KHz. mm) 

1435. 

1437. 

NFR  (KHz. mm) 

1433. 

1432. 

b)  Y  +  23°30' 

Experimental 

Computed 

lstR.F.T.C(°C-l  ) 

.  29  10-4 

.  27  10'4 

2ndR.F.T.C(°C“2  ) 

-.  22  10-6 

-  .24  10“6 

K(X) 

7.3 

19 

NFA  (KHz. mm) 

1458. 

1466. 

NFR  (KHz. mm) 

1455. 

1443. 

Results  for  the  Y 

29°4S'  and  Y  +  23°30'  Cuts. 

Our  experimental  results  indicate  that  a  3rc* 
order  behaviour,  not  foreseen  from  computation, 
holds  in  the  vicinity  of  the  Y  +  29°45'  cut.  A  pre¬ 
cise  determination  of  Che  optimal  cut  and  of  its 
properties  may  require  further  refinement  of  the 
thermal  derivatives  of  the  material  constants.  This 
would  be  of  particular  interest  for  large  crystal 
of  high  perfection  (such  as  those  grown  by  the  se¬ 
cond  synthesis  method),  since  the  question  arises 
as  to  whether  or  not  the  high  order  TC  of  the  mate¬ 
rial  constants  are  independant  of  impurities  and  of 
crystal  perfection.  These  points  are  currently  under 
investigation. 


IV  -  Saw  propagation 

The  properties  of  berlinite  have  been  also 
investigated  with  regard  to  surface  wave  propaga¬ 
tion.  The  potential  applicability  of  berlinite  to 
SAW  devices  was  first  noted  by  P.H.  Carr  et  al  [10] 
and  A,  Jhunjhunwala  et  al  [11 ]  . 

Using  the  constants  of  Ref. [4]  ,  we  first 
computed  the  complete  atlas  of  configurations  (cut 
and  propagation  directions,  Fig.  16)  in  terms  of 
coupling  coefficient  k2  ,  lsCand  2n°  order  FTC  and 
power  flow  angle  i(i  .  The  method  is  substantially 
the  same  as  that  described  by  Campbell  and  Jones 
112]  .  The  flow  chart  for  this  program  is  shown 
on  Fig.  17.  Results  are  given  in  terms  of  stereo¬ 
graphic  maps  as  described  elsewhere  [l3-  14  ]  .  For 
example,  such  a  map  for  a  propagation  direction  lo¬ 
cated  in  the  (x,y)  plane  is  plotted  on  Fig.  18.  We 
then  selected  several  cuts  with  coupling  up  to 
0.8  7.  and  zero  1st  order  FTC,  as  summarized  on 
Table  VI. 


Fig.  16.  Characteristic  angles  (a,0,p) 

Each  configuration  is  characterized  by  3  angles 
a  ,  0  and  <?  described  in  Ref  [73-24]  .  0  and  <? 
are  the  spherical  coordinates  of  the  cut,  and  a 
the  departure  of  the  propagation  direction  from 
the  xOy  plane. 


Fig.  17.  FTC  flowchart  of  computer  program , 
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Table  VI 


Angles 

Cut 

Propagation  j 

V 

k2 

eLF/e 

<5 

6 

Ti 

a 

El 

9 

X 

Y 

Z 

X 

a 

Z 

m/  s 

% 

O 

1 

oc 

* 

» 

NO 

C 

A 

6°75 

90 

t.  .  - 

90 

0 

1 

0 

-993 

0 

0.117 

2752.6 

0.57 

6.14 

4°36 

1.34 

20 

B 

22°3 

a 

90 

1 

0 

0 

0 

n925 

-.379 

2756.6 

0.55 

6.11 

0°76 

0.7 

18 

C 

6°875 

□ 

45 

.5 

.5 

.707 

.762 

.642 

.085 

3060.6 

0.86 

6.04 

4°36 

1.25 

20 

ST 

0 

90 

87.1 

0 

.999 

050 

-1 

0 

0 

2736.5 

0.56 

6.14 

0 

2.06 

19 

D 

0 

'90 

90 

0 

1 

0 

1 

0 

0 

2739.6 

0.58 

6.14 

0 

2. 

25 

Main  parameters  of  the  selected  outs  of  AIPO4 


KO'  *0* 


Fig-  18.  Stereographic  projection  of  equal  - k 8  and 
equal  -  FTC  corresponding  to  the  azimuth  angle 
a  =  0°  -  solid  lines  :  kz  in  %  -  broken  lines  : 

FTC  in  ppm. 

Actually,  it  has  been  found  convenient  to  use 
also  the  temperature  coefficients  of  the  constants 
given  on  Table  IV.  9uaiitativelyI  the  results  are 
only  slightly  modified  but  the  discrepancy  is  si¬ 
gnificant  for  the  second  order  FTC.  This  is  of  par¬ 
ticular  interest  for  the  (YX)  configuration,  which 
has  a  zero  border  FTC.  In  order  to  check  the  abo¬ 
ve  computations  several  samples  of  berlinite  have 
been  tested  in  this  particular  configuration.  We 
have  fabricated  a  SAW  delay-line  with  two  interdi¬ 
gital  transducers  of  181  and  361  fingers  of  12.192 
}im  wavelength  and  0.5  am  aperture.  For  the  best 
samples  the  response  is  particularly  clean  as 
shown  on  Figs  19  and  20.  Rejection  is  everywhere 
>  40-50  dB.  The  matched  insertion  loss  is  as  low 
as  8  dB,  showing  a  fair  coupling  coefficient  k2 
and  negligible  propagation  103s. 


delay  line  without  matching 

horizontal  scale  F  :  S  MHz/div. 
vertical  scale  I.L.  :  10  dB/div. 


Fig.  20.  Frequency  response  of  the  ZZi  MHz  SASi 
delay  line  with  inductance-tuned  ports,  showing 
an  insertion  loss  as  lew  as  8d8  and  a  very  clean 
response. 

horizontal  scale  F  :  50  MHz/div. 
vertical  scale  l.L.  :  10  d3/div. 
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From  impedance  measurements  (Fig.  21a  and  b)  it  is 
possible  to  evaluate  the  coupling  coefficient 
(k2>  0.5  %),  which  is  in  good  agreement  with  the 
theory  (0.56  %)  for  the  best  sample.  To  find  the 
velocity, we  placed  the  delay  line  in  a  feedback 
loop  with  a  broadband  amplifier  and  measured  the 
oscillation  frequency  :  224.75  MHz.  This  corres¬ 
ponds  to  a  velocity  of  2740  m/s,  very  close  to 
the  theoretical  value  of  vM  =  2739.  6  m/s. 


Fig.  21.  Smith'  chart  of  the  tuo  transducers  of 
the  224  MHz  SAW-delay  line  for  evaluation  of  the 
coupling  coefficient 

a  :  361  fingers  IDT 
b  :  161  fingers  IDT 

We  have  similarly  investigated  the  temperature 
stability.  The  experimental  results  are  summarized 
on  Fig.  22.  for  the  best  sample,  together  with 
theoretical  curves  computed  with  constants  from 
Ref  L 4 1  (cf.  Fig.  22a)  and  the  present  work  (compa¬ 
re  Fig.  22b).  It  is  seen  that  YX  berlinite  is  simi¬ 
lar  to  ST-quartz.  The  turnover  temperature  depends 
upon  the  samples  and  varies  in  our  experiments 
from  14  to  24,C.  The  second  order  FTC  is  one  order 
of  magnitude  higher  than  for  quarts  : 

I  experimental  :  Sc»  2.1  x  10-7 

[theoretical  :  a)  8a“  2.10  ®  ,  b)  6  j,=  2.3  10  ^ 


Fig.  22.  Plot  of  the  fractional  oscillation  fre¬ 
quency'  [(Fo  -  F) /Fo  X  1CT 4X  versus  temperature • 

1 10° C/ division) . 

a  :  theory  neglecting  2*~  order  tempera¬ 
ture  coefficients  (6=0.2  X  10  ) 

b  :  theory  with  2n<^ order  temperature 
coefficients  (cf.  Table  IV)  (  8  =  2.3  X  10  ) 
c  :  experiment  (  8  =  2.1  X  10~?) 

There  is  a  good  agreement  between  theory  and 
experiment  regarding  velocity,  coupling  coeffi¬ 
cient,  first  and  second  order  temperature  coeffi¬ 
cients.  The  only  discrepancy,  which  is  slight,  con¬ 
cerns  the  turn-over  temperature  which  differs  for 
different  samples.  Just  as  in  bulk  wave  propaga¬ 
tion,  this  indicates  the  need  of  further  investi¬ 
gation  of  crystals  obtained  by  the  second  method 
which  is  capable  of  producing  more  homogeneous 
samples. 

V  -  Conclusion 

As  pointed  out  by  several  authors,  berlinite 
is  an  attractive  material  for  frequency  control 
devices.  A  reproducible  method  for  growing  homoge¬ 
neous  samples  is  available  and  will  be  applied  to 
obtain  larger  crystals  than  those  available  at  pre¬ 
sent. 

Compared  with  quartz,  berlinite  is  very  simi¬ 
lar,  but  with  two  distinctive  features  : 

-  the  coupling  is  2  to  4  times  larger 

-  the  second  order  FTC  are  one  order  of  ma¬ 
gnitude  larger. 

Due  to  these  properties,  berlinite  meet  the  requi¬ 
rements  of  relatively  large  bandwidth  devices.  In 
terms  of  design  parameters,  both  an  AT-cut  for 
bulk  wave  and  an  ST-cut  for  SAW  propagation  are  avai¬ 
lable.  The  exact  cuts  and  orientations  are  current¬ 
ly  under  determination  since  this  implies  further 
investigations  on  reproducible  samples. 
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Summary 

Chang  and  Barsch,  O'Connell  and  Carr,  and 
others  have  shown  that  berlinite  (0-AIPO4)  is  one 
of  the  better  candidates  for  SAW  substrate  materials. 
The  investigation  of  berlinite  in  our  laboratory 
has  involved  the  synthesis  of  high  quality  berlinite 
single  crystals  as  well  as  the  characterization  of 
their  fundamental  material  properties.  The  single 
crystals  were  grown  by  the  transport  method  by 
using  oriented  plates  of  berlinite  as  the  seed 
material  and  coarse  granular  crystalline  a-AlP04  as 
the  nutrient.  Phosphoric  acid  is  used  as  the 
transport  medium. 

Crystals  with  large  areas  free  of  imperfections 
such  as  veiling,  inclusions,  twinning,  cracks  and 
surface  dcunage  have  been  successfully  grown.  A 
number  of  Y  resonator  plates  were  prepared.  The 
samples  were  placed  in  the  series  arm  of  a  rt-resis- 
tance  network  in  accord  with  the  IEEE  Standard  No. 
177  for  Piezoelectric  Vibrators.  A  stable  frequency 
synthesizer  was  used  to  drive  the  crystal  over  a 
orocid  band  of  frequencies  and  the  output  signals 
were  recorded. 

As  a  means  of  comparison,  a  number  of  a-quartz 
Y  resonator  plates  were  fabricated  and  mounted  in 
an  identical  manner  to  the  berlinite  samples.  From 
a  recording  of  the  transmission  response,  a  Q  > 

14  000  has  been  observed  for  a  berlinite  Y  plate  at 
6.8  MHz  fundamental  frequency.  Other  parameters 
were  found  to  be  in  accord  with  published  values. 
Identically  prepared  quartz  Y  resonator  plates  gave 
a  Q  of  61  000. 

In  addition,  spectrophotometric  studies  have 
been  done  over  the  ultraviolet,  visible  and  infrared 
regions  for  selected  samples.  Absorption  in  the 
250  nm  region  is  believed  to  be  associated  with 
transition  metal  impurities.  The  IR  spectrum  shows 
a  broad  absorption  shoulder  in  the  region  2600-3600 
cm"1 .  No  sharp  peaks  attributable  to  OH”  have  been 
observed  either  at  room  or  liquid-N2  temperatures. 

Introduction 

The  ideal  material  for  large  bandwidth  SAW 
devices  must  possess  high  electromechanical  coupling 
low  energy  loss  (high  material  Q)(and  high  temper¬ 
ature  stability  (zero  temperature  coefficient  to 
second  order).  Chang  and  Barsch, *  O'Connell  and 
Carr3"®(and  others®"*  have  shown  that  berlinite 
(a-AlP04>  is  one  of  the  better  candidates  for  SAW 


substrate  materials.  This  conclusion  is  based  on 
the  fact  that  the  crystal  structure  of  berlinite 
is  isomorphic  with  a-quartz  with  half  of  the 
silicon  positions  occupied  by  Al3+  ar.d  the  other 
half  by  P5+.  Therefore,  there  must  be  temperature 
compensated  cuts  as  for  a-quartz.  Indeed,  experi¬ 
mental  work  does  show  that  such  orientations 
exist. I'*’' 7  Theoretical  calculation  of  the 
behavior  of  surface  acoustic  waves  on  berlinite 
also  show  that  along  the  same  temperature-compen¬ 
sated  orientation,  the  electromechanical  coupling 
can  be  as  much  as  4  times  that  of  ST-cut  quartz. 

In  addition,  the  relatively  high  hardness,  low 
water  solubility,  chemical  inertness,  and  high 
acoustJc  wave  propagation  velocity  make  berlinite 
a  very  attractive  material  for  an  SAW  device 
substrate. 

These  superior  properties  projected  for 
berlinite  over  other  substrate  materials  have 
caused  the  start  up  of  programs  for  the  growth  of 
berlinite  in  many  places,  namely  the  Air  Force, 

DOD  Research  Laboratories, 10  Bell  Laboratories,11-13 
Airtron  Inc.,  and  the  Allied  Chemical  Corp.  Recent 
information  indicates  that  similar  projects  have 
also  been  started  in  other  countries.  The 
investigation  of  berlinite  at  the  Allied  Chemical 
Corp.  involved  the  synthesis  of  high  quality 
berlinite  single  crystals  as  well  as  the  character¬ 
ization  of  their  fundamental  material  properties. 

Crystal  Synthesis 

Berlinite  crystals  were  first  synthesized  by 
Huttenlocher  in  1935. 14  The  largest  crystals  he 
grew  were  about  4  mm  in  length.  The  first  actual 
attempt  to  grow  berlinite  crystals  to  a  usable  size 
was  made  by  Joseph  M.  Stanley  in  1954, 15  However, 
the  technique  he  used  was  direct  precipitation  from 
solution  and  requires  many  manhours  and,  therefore, 
is  very  costly.  It  was  decided  by  as  to  use  the 
transport  technique  which  has  been  well  established 
in  hydrothermal  synthesis  of  quartz  crystals.  This 
technique  requires  the  use  of  coarse  granular 
crystalline  a-AlPC>4  as  nutrient  material.  Since 
this  nutrient  material  is  not  available  commer¬ 
cially,  it  is  synthesized  in  this  laboratory. 

Nutrient  Synthesis 

The  starting  materials  can  either  be  AMOIO3 
or  AI2O3  and  phosphoric  acid.  Typical  synthesis 
time  is  two  to  three  weeks.  The  reaction  is 
always  completed  in  each  synthesis  experiment. 


80 


No  residuals  of  starting  material  or  any  solid  phase 
other  than  Ct-AlPO,  were  found.  A  typical  run  started 
with  1350  grams  Al^O^  will  yield  twice  as  much  in 
weight  of  crystalline  a-AlPO^.  The  crystalline 
nutrient  material  is  then  sieved  into  three  size 
fractions.  Those  fractions  greater  than  50  mesh  are 
the  standard  nutrient  material  for  growth.  Those 
fractions  between  50  to  90  mesh  are  considered  mar¬ 
ginal.  However,  it  was  recently  found  that  the 
finer  mesh  material  is  also  satisfactory  for  growth. 
Those  fractions  below  90  mesh  are  unacceptable  for 
growth.  The  weight  fraction  of  a  typical  load 
after  synthesis  is  38%  (>50  mesh),  50%  (50-90  mesh) 
and  12%  (<90  mesh) .  The  synthesis  technique  is  still 
under  refinement  in  order  to  reduce  further  the  syn¬ 
thesis  time  and  to  increase  the  coarse  grain  size 
fractions. 

The  impurity  level  of  the  nutrient  material  de¬ 
pends  on  the  starting  material.  Emission  spectros¬ 
copic  analysis  of  the  synthesized  nutrient  material 
gives  the  following  result:  Si  (<20  ppm),  B  (20  ppm), 
Ga  (70  ppm),  transition  metals  (<100  ppm),  alkaline 
earths  (<30  ppm),  and  alkalies  (<20  ppm).  It  should 
be  noted  that  "less"  means  below  the  detectable 
limit  of  the  instrument  employed.  Therefore,  the 
major  impurities  of  the  a-AlPO^  nutrient  material 
are  B  and  Ga  as  would  be  expected  on  the  basis  of 
the  ionic  size  and  charge  of  these  elements. 

Crystal  Growth 

The  initial  seed  crystals  were  synthesized 
by  spontaneous  nucleation  and  then  grown  by 
transport  process.  The  usable  seeds  had  to  have 
a  minimum  length  of  5  mm.  The  increase  in  cry¬ 
stal  size  is  achieved  by  repeated  overgrowth  of 
these  seeds.  When  the  crystals  exceeded  2  cm  in 
length,  they  were  cut  into  seed  plates  and  used 
for  further  growth.  The  growth  of  berlinite 
crystals  is  based  on  a  transport  process  arising 
from  the  difference  in  solubility  of  berlinite  in 
two  regions  of  different  temperature.  Since 
berlinitjjhas  a  retrograde  solubility  in  phosphor¬ 
ic  acid,  3  seed  crystals  are  hung  at  the  warmer 
part  of  the  autoclave  and  the  crystalline  nutrient 
is  placed  at  the  cooler  part  of  the  autoclave  in 
reverse  of  that  of  the  arrangement  for  quartz 
growth.  A  baffle  is  inserted  in  between  the 
two  regions  to  maintain  the  temperature  gradient. 

The  growth  rate  of  a  berlinite  crystal  is  much 
slower  than  that  of  quartz.  The  average  growth 
rate  of  a  berlinite  plate  varies  from  0.15  mm 
to  0.4  mm. 

Crystal  Defects 

Although  we  have  grown  berlinite  crystals 
in  excess  of  6  cm  in  this  laboratory,  the  quali¬ 
ty  of  the  crystal  has  still  not  reached  the  ne¬ 
cessary  perfection.  The  defects  found  in  ber¬ 
linite  crystals  can  be  classified  into  five 
categories: 

1)  Twinning:  Twinning  is  a  very  common 
feature  in  almost  all  the  crystals  grown.  Both 
types  of  interpenetration  twins  found  in  quartz 
crystals,  namely,  the  Dauphine  (electrical)  twin 
and  the  Brazil  (optical)  twin,  are  also  found  in 
berlinite.  The  twinning  boundaries  of  these  two 
twin  laws  are  shown  in  Fig.  2  and  Fig.  3.  Similar 
to  quartz,  the  twinning  boundary  cf  a  Dauphine  twin  is 
generally  irregular,  but  the  twinning  boundary  of  a 
Brazil  twin  is  very  regular.  These  twins  generally 
form  an  intricate,  complex  zig-zag  pattern  and  in  many 
<.ases  the  twinning  can  be  so  fine  down  to  a  micron 
scale.  As  a  surprise,  it  was  found  that  the  Brazil 


twin  is  more  common  than  the  Dauphine  twin  in  berlinite 
crystals.  This  result  is  just  the  reverse  of  the  re¬ 
sult  for  quartz  crystals. 

2)  Crevicing  (or  channeling):  This  defect  is 
typical  of  most  basal  plate  growth  before  the  comple¬ 
tion  of  capping.  The  amount  of  this  type  of  defect 

is  a  function  of  growth  rate.  This  type  of  defect  can 
be  effectively  eliminated  if  the  growth  rate  is  re¬ 
duced  to  less  than  0.3  mm/day. 

3)  Veiling:  This  defect  consists  of  small  li¬ 
quid — gas  inclusions  less  than  10  p  in  diameter  ar¬ 
ranged  in  a  veil-like  structure.  One  type  of  veiling 
forms  along  the  junction  of  original  seed  and  the  over¬ 
growth  portion  similarly  to  that  found  in  the  growth 

of  quartz  crystals.  The  other  type  of  veiling  is  dis¬ 
tributed  in  random  curved  surfaces  which  give  a  fuzzy 
milky  appearance  to  the  crystal.  It  is  believed  to  t 
the  result  of  a  partially  healed  crack  inside  the  cry¬ 
stal. 

(4)  Cracking:  These  defects  are  stress  cracks 
which  are  generated  during  the  rapid  quenching  at  the 
end  of  each  run.  There  is  also  evidence  that  some 
cracks  are  formed  during  the  growth  period.  In  fact, 
veils  seem  to  be  the  relics  of  such  cracks.  Cracking 
is  caused  by  twinning,  by  locally  high  dislocation 
density,  and  by  the  Pt  seed  hanging  wire. 

(5)  Surface  damage:  Because  of  the  retrograde 
solubility,  the  crystal  surface  is  always  subject  to 
back-dissolution  during  cooling.  The  amount  of  etch¬ 
ing  which  occurs  is  proportional  both  to  the  crystal 
quality  and  to  the  total  time  of  cooling.  Etching  is 
localized  at  the  dislocations,  at  the  .twinning  boun¬ 
daries  as  well  as  at  the  surface  traces  of  the  cracks. 
When  etching  is  severe,  a  white  opaque  material  also 
forms  inside  the  pits.  It  is  believed  that  this  white 
opaque  material  is  aluminum  phosphate  hydrates. 

Despite  all  of  these  defects,  it  was  possible  to 
find  areas  of  crystals  which  are  free  from  any  visible 
defects  and  also  large  enough  for  crystal  oscillator 
fabrication.  However,  the  dislocation  density  in 
these  areas  is  still  very  high,  as  is  evidenced  by  the 
high  etching  pits  density  (Figs.  2  and  3).  We  estimate 
that  the  dislocation  density  can  be  two  to  three  orders 
of  magnitude  higher  than  that  of  good  hydrothermally 
grown  quartz  crystals,  which,  we  believe,  will  affect 
somewhat  the  performance  of  the  crystal. 

Piezoelectric  Measurements 

The  experimental  evaluation  of  the  piezoelectric 
vibrators  followed  closely  the  procedures  set  forth 
in  the  IEEE  Standard  No.  17716  for  piezoelectric 
vibrators  and  Publication  44417  0f  the  International 
Electrotechnical  Commission.  Figure  4  shows  a  block 
diagram  of  the  various  components  associated  with  the 
transmission  network.  A  highly  stable  (1  part  in 
10^/day),  programmable  General  Radio  GR-1061  frequen¬ 
cy  synthesizer  was  used  to  drive  the  piezoelectric 
vibrator  which  was  in  the  series  arm  of  a  I  network. 

The  frequency  of  the  output  signal  was  constantly 
monitored  with  a  highly  stable  Hewlett  Packard  5248L 
electronic  counter.  In  order  to  improve  the  signal- 
to-noise  ratio,  synchronous  detection  was  used.  A 
broad  band  P.A.R.  lock-in  amplifier  Model  5202  made 
it  possible  to  monitor  simultaneously  both  vector  am¬ 
plitude  and  phase  of  the  output  signal  from  the  it  net¬ 
work.  A  -1/2  to  +5  volt,  variable  time,  voltage  ramp 
was  used  to  drive  the  frequency  synthesizer  over  a 
selected  band  of  frequencies,  as  well  as  to  provide 
the  horizontal  drive  for  an  X-Y  recorder.  The  detected 
amplitude  and/or  phase  signal  was  recorded  on  the  ver- 
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tical  axis  of  the  chart  recorder. 

(I)  Transmission  Measurement: 

Up  to  the  time  of  preparation  of  this  article,  the 
growth  of  large,  high  quality,  single  crystal  berlinite 
has  not  been  fully  accomplished.  However,  we  were  able 
to  obtain  areas  large  enough  to  fabricate  several 
7.94  mm  diameter  circular  Y  resonator  plates.  The 
plates  were  carefully  ground  to  0.25  mm  in  thickness 
with  a  Hoffman  lapper.  A  few  plates  showed  chipped 
edges,  small  cracks,  and  small  twinning  areas  after  lap¬ 
ping.  Chromium  and  gold  contact  electrodes  were  vac¬ 
uum  deposited  on  the  crystals  prior  to  mounting  the 
units.  Both  bellows  contacts  and  wire  mounts  (HC-6/U 
and  HC-25/U)  were  used  in  the  course  of  the  evaluation. 

After  being  mounted  in  the  ir-network,  transmis¬ 
sion  responses  of  the  fundamental,  3rd  harmonic  and 
5th  harmonic  resonances  were  recorded.  From  the  shape 
of  the  transmission  spectra,  it  was  possible  to  esti¬ 
mate  the  material  Q  value  from  the  1/2  power  points 
(i.e.,  f/Af).  These  values  showed  relatively  good 
agreement  with  those  calculated  by  the  capacitance  sub¬ 
stitution  method.  In  order  to  make  a  comparison,  Y 
resonators  of  a  known  high  quality  quartz  rod 
(Q>1.8  x  10®)  from  Valtec  were  also  prepared  in  iden¬ 
tical  size  and  fashion.  The  transmission  data  for  both 
quartz  and  berlinite  Y  resonator  plates  are  shown  in 
Figure  5.  A  Q  value  of  about  14  000  was  obtained  for 
berlinite  based  on  f/Af  evaluation.  The  corresponding 
quartz  Y-resonator  plate  gave  a  Q  about  61  000,  which 
was  slightly  lower  than  it  should  be.  °  It  is  not  sur¬ 
prising  that  the  berlinite  oscillators  of  a  similar 
‘cut  show  a  lesser  Q  value  considering  that  these  have  a 
larger  electromechanical  coupling  coefficient.  Com¬ 
pared  to  transmission  data  reported  previously,  these 
samples  show  an  improvement  of  two  orders  of  magnitude. 
Due  to  the  effects  of  stray  capacitance,  the  anti¬ 
resonant  frequency  could  not  be  accurately  determined 
either  by  amplitude  or  by  phase  measurement.  While 
this  limitation  prevents  an  accurate  determination  of 
the  electromechanical  coupling  coefficient  k,  it  does 
not  seriously  affect  the  measurement  of  the  material 
quality  factor. 

(II)  IR  and  UV  Spectrophotometrlc  and 
Raman  Scattering  Measurements: 

The  correlation  between  the  infrared  absorption 
around  the  3500  cm-1  region  and  the  material  Q  value 
of  a-qu{trtz  crystals  has  long  been+well  estab¬ 
lished/9-2  It  is  assumed  that  H  enters  the  quartz 
lattice  as  OH-  and  is  the  main  cause  for  the  acoustic 
loss.  However,  it  is  not  clear  whether  the  same  re¬ 
lationship  also  holds  for  berlinite,  simply  because 
it  is  an  isomorph  of  quartz.  Thin  plates  of  berlinite 
were  prepared  and  submitted  for  both  infrared  and  ul¬ 
traviolet  transmission  measurements.  Berlinite  is 
transparent  throughout  the  visible  region  of  the  spec¬ 
trum  but  shows  strong  absorption  in  the  250  nm  region. 
It  is  believed  that  this  absorption  is  associated  with 
the  transition  metal  impurities,  such  as  Fe  and  Cr  in 
particular.  The  crystal  purity  has  to  be  further  im¬ 
proved  in  order  to  increase  its  optical  transparency 
in  Che  UV  region. 

Infrared  transmittance  spectra  of  beninite  was 
also  measured  in  the  4000-2000  cm  region  with  a 
Nicolet  7199  Fourier  transform  infrared  spectrophoto¬ 
meter.  A  4.31  mm  thick  berlinite  slab  was  first  used 
for  the  measurement.  The  transmittance  decrease 
sharply  at  3700  cm-1  and  no  transmittance  was  detect¬ 
able  beyond  3600  cm-1.  The  sample  thickness  has  to 
be  reduced  to  less  than  1  mm  before  any  reasonable 
transmittance  can  be  detected  by  the  instrument. 


Thinner  samples  of  berlinite  (0.38  mm  thick)  were  pre¬ 
pared  for  IR  measurement.  In  order  to  enhance  any 
sharp  absorption  peak,  IR  spectra  were  measured  at  both 
room  temperature  and  at  liquid  nitrogen  temperature 
(77  K). 


To  make  a  comparison,  quartz  samples  were  also 
prepared  for  IR  measurement.  The  IR  transmittance  re¬ 
sults  for  both  quartz  and  berlinite  samples  are  illus¬ 
trated  in  Figure  6.  Two  types  of  quartz  crystals  were 
used.  One  was  Valtec  quartz  from  Sawyer  Rgsearch  Pro¬ 
ducts  with  a  guaranteed  Q  of  over  1.8  x  10  .  The  other 
one  was  a  large  cracked  quartz  blank  of  an  unsown  ori¬ 
gin.  All  the  principal  absorption  band  peaks  (i.e., 
3581,  3438,  3396,  3348  cm-1)  associated  with  0-H 
stretching  vibrations  were  observed  in  both  quartz 
samples.  In  addition,  the  quartz  sample  of  unknown 
origin  also  showed  a  broad  absorption  shoulder  from 
3600  cm  1  to  2900  cm  *.  In  the  case  of  berlinite,  no 
distinct  absorption  peaks  were  observed  even  at  liquid- 
nitrogen  temperature,  except  possibly  a  weak  absorption 
peak  at  around  3515  cm  .  Instead,  only  a  broad  ab¬ 
sorption  shoulder  from  3600  cm  to  2600  cm  was  ob¬ 
served. 

3 

Berlinite  parallelpipeds  (4  x  6  x  7  mm  )  with 
polished  faces  normal  to  X,  Y,  Z  directions  were  also 
prepared  for  a  Raman  Scattering  study.  Again,  only 
a  broad  Raman  spectrum  structure  from  3600  to  2600  cm 
was  observed.  No  distinct  peaks  were^found.  The  spec¬ 
trum  is  very  similar  to  that  reported  for  a  quartz 
sample  X257-23.  This  material  was^grown  hydrothermally 
in  a  KOH  solution  in  a  silver  tube  '  with  estimated 
total  of  0H~  +  H^O  content  of  220  ppm  by  weight.  Cor¬ 
relation  of  this  result  for  quartz  with  the  berlinite 
result  was  difficult  because  the  vertical  intensity 
spectrum  was  not  given  in  the  pa- 
paper  suggested  that  most  of  the 
HT  content  in  this  particular  quartz  sample  existed  as 
H.,0  molecules.  The  IR  spectrum  of  this  quartz  sample 
also  showed  a  broad  absorption  band  from  3700  to 
2900  cm-1  without  noticeable  absorption  peaks.  On  the 
basis  of  all  the  evidence  collected,  it  is  suggested 
that  the  H  incorporated  into  berlinite  structure  is 
present  as  11.0  molecules  not  OH  .  This  conclusion  is 

£  a. 

also  consistent  with  the  argument  that  most  H  incor¬ 
porated  in  the  quartz  structure  is  present  to  charge 
compensate  for  ions  with  a  valence  of  less  than  four, 
such  as  Fe2+  and  a/+,  which  replace  Si^+.  These 
transition  metal  impurities  when  incorporated  in  the 
berlinite  structure  do  not  require  charge  compensation 
since  they  replace  Al-*+, 


scal^of  the  Raman 
per.  3  However,  the 


IR  absorption  has  been  used  successfully  to  eval¬ 
uate  the  acoustic  Q  of  quartz/9-23  It  not  ciear 
whether  the  same  relationship  is  also  applicable  to 
berlinite.  The  IR  transmittance  data  obtained  here 
give  a  Q  value  of  1.12  x  10®  for  Valtec  quartz  which 
corresponds  to  about  8  ppm  total  OH  +  H^O  by  weight. 
This  value  of  Q  is  lower  than  the  specification.  The 
IR  spectrum  of  the  unknown  quartz  blank  seems  to  in¬ 
dicate  that  large  quantities  of  both  OH  and  H^O  are 
present.  The  total  OH  +  H^O  content  is  estimated  to 
be  about  120  ppm  which  corresponds  to  a  Q  of  about 
1.0  x  10®.  The  IR  transmittance  result  for  berlinite 
gives  a  total  H^O  content  of  about  110  ppm.  By  using 
the  same  formula  as  for  quartz,  the  Q  of  berlinite 
at  the  present  I^O  level  is  estimated  to  be  in  the 
10®  range. 
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Conclusions 

The  possible  use  of  berlinite  (ot-AlPO^)  as  an  al¬ 
ternative  to  a-quart2  in  many  piezoelectrical  device 
applications  has  been  well  documented.  Unfortunately, 
the  growth  of  large,  high  quality,  single  crystals  of 
berlinite  has  not  been  fully  accomplished.  This  en¬ 
deavor  is  a  continuing  objective  in  our  laboratory. 

The  preliminary  results  of  the  growth,  defect  charact¬ 
erization,  and  physical  property  evaluation  of  ber¬ 
linite  crystals  have  been  presented.  Although  our 
process  is  not  at  a  point  of  perfection,  it  is  felt 
that  the  crystal  quality  and  the  piezoelectric  res¬ 
ponse  data  for  the  fabricated  resonators  represent 
some  of  the  best  results  obtained  for  berlinite.  With 
a  continuing  improvement  in  crystal  quality,  berlinite 
promises  to  become  an  ideal  candidate  for  many  SAW  as 
well  as  bulk  wave  devices. 
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1.  Photograph  of  as-grown  beriinite  crystals, 

(scale  :  inches) 


Brazil  (Optical)  Twin 
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ig.  2.  Etching  figures  on  the  minor  z  (Olll)  face  of 
an  as-grown  beriinite  crystal  showing  the 
Dauphine  (electric)  twinning  law.  Notice  the 
irregular  twin  boundary. 
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Fig.  3.  Etching  figure  on  the  minor  z  (Olll)  face  of 
an  as-grown  beriinite  crystal  showing  the 
Brazil  (optical)  twinning  law.  Notice  the 
very  regular  laminar  twin  boundaries. 
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Fig.  6.  IR  transmittance  spectra  of  Valtec  quartz, 

unknown  quartz  blank,  and  berlinite  crystals 
in  the  range  from  4000  to  2000  cm 
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SOLUBILITY,  CRYSTAL  GROWTH  AND  PERFECTION  OK  ALUMINUM  ORTHOPHOSPHATE 


E.  D.  Kolb,  R.  L.  Barns,  J.  C.  Grenier*,  and  R.  A.  Laudise 


Bell  Laboratories 
Murray  Hill,  New  Jersey  079?*» 


Summary 

In  order  to  improve  hydrothermal  techniques  for 
the  crystallization  of  AlPO^ ,  we  have  made 
studies  of  its  solubility.  Contrary  to  reports 
in  the  literature,  the  temperature  coefficient 
of  solubility  is  negative  over  this  range. 
However,  the  magnitude  of  the  solubility  is 
adequate  to  the  crystal  growth.  Seeded  growth  was 
investigated  on  three  seed  orientations.  The 
rates  were  basal  -  0.5  mm/da,  x  -  0.25  mm/da, 
y  -  0.18  mra/da.  The  quality  was  substantially 
better  for  x  and  y  growth.  Voids,  cracks,  and 
liquid  bubble  inclusions  were  observed.  These 
imperfections  are  correlated  with  growth  con= 
ditior.s  and  suggestions  for  their  minimization 
are  made.  Etching  studies  revealed  sectoring 
shallow  etch  pits  and  twins,  x-ray  linewidth 
studies  showed  that  seeds  were  severely 
damaged  during  cutting  and  lapping.  Etching 
techniques  for  preparing  undamaged  seeds  were 
developed. 


Introduction 

Aluminum  orthophosphate,  AlPOi,,  continues  to 
be  of  high  interest  because  cf  its  large  piezo¬ 
electric  coefficients  and  small  temperature 
coefficients  of  appropriately  cut  resonators.  1 
Because  of  these  properties,  use  in  surface 
acoustic  wave  and  other  devices  is  likely.  However 
the  material  which  is  under  investigation  in  a 
number  of  laboratories  in  the  United  States  and 
Europe  is  proving  rather  difficult  to  grow  repro- 
ducibly  as  large  high  quality  single  crystals. 

Kolb  and  Laudise  2  reported  their  extensions  of 
the  original  hydrothermal  synthesis  of  Stanley  3 
and  the  unpublished  work  of  McBride.  **  This  work 
descirbed  techniques  for  preparing  high  quality 
small  crystals  (nutrient)  by  reacting  aluminum 
containing  compounds  in  HjPOi,  and  reported  methods 
for  the  growth  of  large  crystals  by  dissolving  this 
nutrient  in  HjPOi,  and  recrystallizing  on  seeds. 
These  methods  were  designed  to  overcome  the  well 
known  negative  temperature  coefficient  of  solubil¬ 
ity  exhibited  by  AlPOi,  in  HjPOj,.  The  earliest 
reported  growth  of  AlPOl,  due  to  Jahn  and  Hordes  5 
suggested  methods  of  growth  based  on  temperature- 
pressure  conditions  where  the  temperature  coeffi¬ 
cient  of  solubility  was  apparently  positive  and 


Kolb  and  Laudise  2  grew  crystals  under  these 
conditions. 

In  order  to  understand  and  improve  hydro¬ 
thermal  techniques  for  the  growth  of  A1P0),  and  to 
explore  whether  conditions  exist  where  the  temper¬ 
ature  coefficient  cf  solubility  is  truly  positive, 
we  decided  to  make  systematic  measurements  of 
solubility.  With  the  hope  of  improving  quality 
and  growth  rates,  we  decided  it  was  worthwhile  tc 
investigate  the  effect  of  seed  orientation.  With 
a  view  toward  correlating  growth  conditions  with 
perfection,  we  also  examined  grown  crystals  visu¬ 
ally  in  an  index  matching  immersion  medium,  and 
studied  perfection  by  the  use  of  etching,  x-ray 
diffraction  line  widths  and  x-ray  topographs. 

Experimental 

Growth  experiments  were  carried  out  ir.  Pt 
lined  Morey-type  °  autoclaves  of  the  sort  reported 
previously.  2  Furnaces,  temperature  control  and 
measurement  and  general  procedures  have  already 
been  described.  2 

Solubility  measurements  were  carried  out  by 
weight  loss  method  we  have  used  for  other  materi¬ 
als.  7~10  In  this  method  a  crystal  is  kept  in 
equilibrium  with  an  appropriate  solution  at  the 
desired  pressure-temperature  conditions  for  a 
period  of  time  greater  than  that  necessary  to 
establish  equilibrium.  Following  a  rapid  quench 
to  room  temperature  the  remaining  crystal  is 
weighed  and  the  weight  loss  is  taken  to  be  a 
measure  of  the  solubility.  When  the  temperature 
coefficient  of  solubility  is  positive,  this  method 
is  satisfactory  provided:  (l)  regrowth  from  the 
solution  does  not  take  place  on  the  crystal  during 
or  after  the  quench,  (2)  but  one  fluid  phase  co¬ 
exists  in  equilibrium  with  the  solid  phase  and  (3) 
the  crystal  is  indeed  the  stable  phase  at  the  con¬ 
ditions  of  the  experiment.  If  the  temperature 
coefficient  of  solubility  is  negative  these  con¬ 
ditions  must  be  met  but  additional  further  compli¬ 
cations  to  be  discussed  below  must  be  considered. 

In  our  earlier  work”'’  we  found  that,  with  a 
small  sacrifice  in  precision  and  much  less  effort, 
it  is  possible  to  carry  out  weight  loss  solubility- 
determinations  (at  least  where  the  solubility  is 
above  a-  1%)  in  small  welded  Pt  capsules  whose  vol¬ 
ume  is  one  cm3  or  less.  The  procedure  used  has 
been  described  so  that  only  a  brief  outline  is 
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needed  here.  One  or  more  weighed  crystals  of  AlPOi, 
together  vith  an  appropriate  volume  of  mineralizer  vcre 
added  to  a  snail  (0.50  cm  ID  x  3.6  cn  long)  open  ended 
Pt  capsule.  The  AlPOi,  crystals  were  prepared  by  reac¬ 
tion  of  aluminum  oxide  or  hydroxide  with  E3PO1,  under 
hydrothermal  conditions  using  the  techniques  previously- 
described  for  making  nutrient. 2  X-ray  powder  patterns 
were  used  to  confirm  identity.  The  H-^POl,  mineralizer 
molarity  was  determined  by  titration  against  KaOH. 
Mineralizer  volume  (typically  0.15  cm3)  was  determined 
with  a  nicro-syringe.  -The  capsule  was  crimped  and 
welded  shut  with  a  D.C.  micro-arc  welder  and  placed  in 
a  O.63  cm  ID  x  20  cn  length  Tuttle^-  cold  3eal  test 
tube  type  autoclave  manufactured  by  Tenpress,  Inc., 
State  College,  Pa.  A  steel  rod  partly  filled  the  un¬ 
used  volume  of  the  autoclave  in  the  region  above  the 
capsule  so  as  to  reduce  convection  and  make  the  capsule 
as  isothermal  as  possible.  The  capsule  was  pressurized 
on  the  outside  using  water  pumped  by  an  air  driven 
intensifier  and  brought  to  temperature  with  a  resist¬ 
ance  heated  furnace  and  an  appropriate  temperature 
controller.  Temperatures  were  measured  with  chromel- 
alumel  thermocouples  contained  in  a  thermocouple  well 
in  the  bottom  of  each  autoclave.  Temperatures  are 
Judged  to  be  accurate  ±3®C.  Pressures  were  measured 
with  Bourdon  gauges  (calibrated  with  a  dead  weight 
tester)  and  are  Judged  to  be  accurate  ±0-5?.  The  ex¬ 
ternal  pressure  was  chosen  so  as  to  approximately  bal¬ 
ance  the  internal  pressure  in  the  capsule  at  operating 
conditions.  Balance  was  estimated  from  capsule  exami¬ 
nation  following  preliminary  runs-burst  or  obviously 
crushed  capsules  being  evidence  of  poor  balance. 
Following  a  run  the  autoclaves  were  quenched  in  ice 
water,  the  crystallites  were  removed  frjra  the  capsule, 
quickly  rinsed,  dried  and  weighed.  Careful  examina¬ 
tions  for  foreign  phases,  glassy  residues  (indicating 
two  immiscible  fluid  phases)  and  capsule  leaks  were 
made  at  appropriate  stages. 

Special  problems  might  be  expected  to  be  associ¬ 
ated  with  determining  the  solubility  of  materials  with 
a  negative  temperature  coefficient.  Primarily  one 
must  consider  the  possibility  of  further  weight  loss 
of  the  specimen  due  to  increased  solubility  during  the 
quench  or  even  at  room  temperature  before  it  is  removed 
from  the  capsule.  A  series  of  replicate  runs  were  made 
to  establish  equilibrium  time  and  to  assure  ourselves 
that  weight  loss  after  equilibration  at  the  desired 
temperature  was  not  contributing  significant  errors. 
Redissolving  resulting  in  a  few  tenths  of  a  percent 
apparent  increase  in  solubility  at  all  temperatures 
could  give  a  significant  relative  error  at  tempera¬ 
tures  where  solubilities  are  low.  Under  typical  con¬ 
ditions  ,  we  found  that  from  the  beginning  of  the  quench 
to  weighing  no  more  than  five  minutes  were  required. 

In  experiments  where  the  weighing  was  delayed  as  long 
as  15  min.  no  significant  difference  in  solubility  was 
obtained.  From  this  we  conclude  th.vt  the  kinetics  of 
dissolution  are  slow  enough  during  quench  and  at  room 
temperature  that  our  measurements  would  not  be  per¬ 
turbed  by  a  negative  temperature  coefficient  of  solu¬ 
bility.  Varying  the  time  that  specimens  were  held  at 
the  desired  p-T  conditions  estaslished  that  for  the 
range  of  our  experiments,  equilibrium  was  established 
in  less  than  three  days.  Our  equilibrium  times  were 
never  less  than  three  days. 

Results  and  Discussion 

Solubility 

Solubility  was  measured  as  a  function  of  tempera¬ 
ture,  pressure  and  mineralizer  concentration  over  the 
range  170  -  525°C,  1-30  Kpsi  (69  -  2070  bar),  0  - 
lU . 6  m  (molar)  H3PO1,.  H3PO4  is  the  "traditional" 
solvent  for  A1P0),  having  been  used  by  Stanley,3 
McBride,  Jahn  and  Kordes,^  Kolbe  and  Laudise2  and 
being  used  in  most  current  growth  studies  known  to  us. 
It  may  not  he  the  only  useful  solvent,  but  we  felt  it 


the  one  currently  most  worthy  of  systematic  investiga¬ 
tion.  Transport  and  nutrient  crystallization  measure¬ 
ments  have  been  conducted  from  150°-ii00oC  and  up  to 
“tlO  n  H3PC4  establishing  A1P0(,  as  the  stable  phase.  V. 
assumed  from  the  absence  of  foreign  phases  in  cur  cap¬ 
sules  that  AlPOi,  is  probably  stable  over  the  entire 
iange  of  our  experiments.  It  is  well  known  that 
AlPOjj-nHgO12  phases  are  stable  below  about  150°C  and 
AlPOi,  in  the  tridymite  fora  above  ,v581i0C1-J  at  1  stm 
pressure. 

Figures  1(a)  and  (b)  show  the  solubility  of  AlPOj, 
as  a  function  of  temperature  in  7.58  m  HvPOi,  at  various 
pressures.  In  general  three  replicate  experiments  were 
made  at  each  temperature,  the  bar  heights  indicate  the 
spread  in  solubilities  obtained.  These  data  reveal 
several  features  of  importance  to  crystal  growth.  Solu¬ 
bilities  above 'v 2 %  do  not  occur  much  above  about  300°C 
suggesting  that  growth  much  above  that  temperature  is 
likely  to  be  impractical.  The  temperature  coefficient 
of  solubility  is  everywhere  negative  even  over  the  range 
of  Jahn  and  Hordes’  "positive  temperature  coefficient" 
growth  experiments.  Indeed  Jahn  and  Hordes  report 
solubilities  with  a  positive  temnerature  coefficient 
between  300°  and  350°C  ir.  10  -  50.?  (M-7  m)  HoPOj,  at 
estimated  pressures  up  to  -u200  atm.  Their  solubilities 
were  typically  lower  ('UO.l  -  0.6  vgt  ?)  than  ours. 

Their  slope  ’.as  positive  everywhere  but  began  to 
approach  0  at  7  m  H3PO1,.  They  reported  experimental 
difficulties,  did  not  fully  replicate  runs  and  their 
solubility  experiments  were  in  a  large  autoclave  and  at 
a  constant  percent  fill  (i.e.,  constant  density*). 

Indeed  it  is  possible  that  while  (3s/3T)p,  the 
temperature  coefficient  of  solubility  at  constant 
pressure  is  negative,  (3s/3T)p  the  temperature  coeffi¬ 
cient  of  solubility  at  constant  density  (or  percent 
fill)  is  positive.  Figure  2  shows  Kennedy’s^  solu¬ 
bility  data  for  quartz  in  pure  water  at  several 
pressures.  As  can  be  seen  (3s/3T)p  is  negative  in 
some  p-T  regions.  Indeed  this  "retrograde"  solubility 
behavior  for  quartz  is  often  considered  the  classic 
example  of  such  solubility  relationships  in  hydro- 
thermal  systems.  No  mineralizer  was  present,  so  the 
solubilities  are  quite  low.  Since  the  concentration 
of  solute  in  the  solutions  of  Fig.  2  is  low,  it  is 
reasonable  to  assume  that  the  pressures  approximate 
those  of  pure  water  and  that  the  published^-'  pressure- 
volume-temperature  data  for  pure  water  applies.  Thus, 
these  data  can  be  used  to  establish  temperatures  where 
the  pressures  of  Fig.  2  give  a  constant  density  (or 
constant  percent  fill).  This  procedure  was  used  to 
plot  the  solubility  at  several  densities  as  a  function 
of  temperature  (the  dashed  lines  of  Fig.  2).  As  can  be 
seen  (3s/3T)p  is  everywhere  positive.  Thus,  at  least 
for  SiOp-HpO,  the  "mysterious"  retrograde  solubility 
behavior  is  a  consequence  of  the  p-v-T  characteristics 
of  the  solution  and  does  not  obtain  at  constant  density. 
Indeed  the  solubility  data  of  Laudise  and  Bellman-^  for 
the  system  SiOg-HgO-MaOH  measured  at  constant  density  do 
not  show  any  retrograde  behavior.  However,  these  data 
cannot  be  converted  to  solubility  at  constant  pressure 
because  the  concentrations  of  solute  are  too  high  for 
the  p-v-T  data  of  pure  water  to  be  applicable  and  com¬ 
plete  pressure  data  for  the  system  are  unavailable.  It 
is  worth  pointing  out  that  solubility  data  for  AlgOj,' 
Zn0,°  ZnS,9  and  other  materials^  under  hydrothermal 
conditions  at  constant  pressure  all  show  (3s/3T)p  to  be 
positive.  No  equation  of  state  for  AlPO^-^POQ-HpO  is 
available  so  that  (3s/3T)p  cannot  be  determined  from 
the  data  of  Fig.  1.  Nevertheless,  it  is  possible  that 
in  common  with  the  system  Si0g-Hg0  (3s/3T)p  is  positive. 


* 

When  the  fluid  is  pure  water  and  the  autoclave  is  at 
conditions  when  only  one  fluid  phase  is  present  the 
density  =  (l/?  fill)  x  100. 
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However ,  as  we  show  from  the  following  considera¬ 
tions,  (3s/3T)p  for  AlPOj,  cannot  be  positive  over  at 
least  some  of  the  conditions  of  actual  growth.  Hydro- 
tr.ernal  grovth  experiments  s»-e  at  constant  pressure  if 
growth  is  by  transport  in  a  temperature  differential 
(AT)  with  seeds  and  nutrient  kept  at  different  tempera¬ 
tures.  In  such  a  system  a  density  gradient  between 
regions  of  differing  temperatures  will  allow  the  equa¬ 
tion  of  state  of  the  particular  fluid  to  be  locally 
obeyed.  When  grovth  is  by  programming  the  temperature 
over  intervals  of  many  days  and  over  temperature  ranges 
of  many  tens  or  hundreds  of  degrees,  the  pressure  will 
change  with  time  so  that  grovth  is  at  constant  density 
(neglecting  small  effects  due  to  deliberate  or  acci¬ 
dental  IT’s  in  the  system).  Thus,  it  is  important  to 
point  out  that  since  the  commonly  used  programming 
sequence^  wherein  crystal  growth  is  achieved  by  heat¬ 
ing  autoclaves  from  <vi50-300°C  (in  6.1  a  HjPOj,  vith 
fills  from  80-82?  fill)  suggests  that  for  these 
conditions  (3s/3T)p  is  negative. 

Finally  we  must  mention  that  Jahn  and  Xordes^ 
report  growing  AlPO^  under  the  following  conditions: 

7 •  53  m  K^FOi,,  70?  fill,  326°C  (nutrient)  bottom  of  the 
autoclave  temperature  and  300°C  top  of  the  autoclave 
(seed)  temperature.  We^  attempted  to  reproduce  these 
results  where  the  nutrient  was  hotter  than  the  seeds 
and  obtained  low  growth  rates  and  lack  of  reproduci¬ 
bility.  Indeed  it  was  our  experience  that  growth 
strategies  both  at  constant  percent  fill  (programmed 
increases  in  temperature  used  to  produce  supersatura- 
tion)  and  at  constant  pressure  (temperature  differ¬ 
ences  between  seed  and  nutrient  used  to  produce 
supersaturation  with  the  nutrient  colder  than  the 
seeds)  based  on  the  premise  that  the  coefficient  of 
solubility  was  negative  were  always  successful.  On 
the  contrary,  grovth  strategies  assuming  a  positive 
coefficient  were  never  reproducibly  successful.  Thus, 
if  there  is  a  region  where  (3s/3T)p  is  positive,  it 
must  be  rather  small  in  extent. 

Figure  3  shows  log  s  vs  1/T  for  AlPO^  in  7.59  n 
HjPOi,  at  several  pressures.  As  can  be  seen,  the 
Van't  Hoff  equation  is  quite  well  obeyed  between  150 
and  300°C  with  4 H,  the  heat  of  "solution"  or  better 
the  heat  of  reaction  with  the  mineralizer,  from  the 
slopes  of  Fig.  3  being  -8.8  ±  0.5  Kcal/mol.  Above 
300°C  either  a  second  linear  region  with  a  slope 
suggesting  a  AH  of  about  -3  Kcal/mol  or  a  departure 
from  linearity  occurs.  It  is  tempting  to  suggest  that 
the  temperature  and  water  pressure  dependence  of  the 
ortho-meta-pyro  equilibria  in  the  phosphoric  acids: 


2H3P01)  :  HfcP207  +  H20 

(1) 

H,(P207  Z  2HP03  *  H20 

(2) 

could  produce  appropriate  changes  in  the  solvent  at 
300  C  so  as  to  cause  a  relatively  abrupt  change  in 
the  dissolving  reaction." 

Figure  •)  shows  the  dependence  of  AlPOj,  solubility 
or,  H^POl,  concentration.  It  is  well  known  that  insolu- 
able" alkali  metal  phosphates  are  solubilized  in  acid 


media  by  the  formation  of  acid  phosphates.  The  forma¬ 
tion  of  the  soluble  "super  phosphate"  fertilizer, 
Ca(H?04),  from  apatite,  Ca,(?0. )_  is  an  economically 
important  example.**  Tbus'it  Is  net  unreasonable  t; 
associated  the  dissolving  tf  A1PC*  vith  a  reaction  of 
the  type: 

A1F0^  +  Ssl^Ou  Z  AKHgFO^  (3) 

Analogous  reactions  could  fora  AlpfKPOiij  and  appropri¬ 
ate  reaction  products  vith  and  HrOj.  In  the 

post  vel”  have  discovered  a  number  of  hydrothermal 
systems  where  the  mineralizer  reactions  analogous  to 
Eq.  (3)  go  essentially  to  completion  allowing  one  to 
determine  the  number  of  moles  of  mineralizer  reacting 
vita  eacn  mole  of  solute  so  as  to  give  credence  to  the 
choice  of  dissolving  reaction  and  to  the  nature  of  the 
dissolved  species.  In  Fig.  5  ve  have  replotted  data 
of  Fig.  1  as  molarity  of  AiFOt  vs  molarity  of  HjPC^. 

The  slope  of  the  plots  of  rig.  5  suggests  that  the  mole 
ratio  H-jPOjj/AlPOij  varies  from  v5  for  83?^  concentra¬ 
tions  above  7  a  at  17Qev  ar.d  10  Kpsi.  If  at  these 
conditions  the  dissolving  reaction  goes  to  completion, 
a  possible  reaction  is: 

AiFOj,  +  Z  Al^FOjg3  +  3H+  (h) 

However,  whatever  the  dissolving  react! :r/s)  the  AH’s 
calculated  from  Fig.  3  suggest  they  are  exothermic. 

It  night  be  pointed  out  that  exothermic  heats  of  solu¬ 
tion  (negative  temperature  coefficients  of  solubility) 
are  rather  common  for  soluble  phosphates  and  acid 
phosphates  at  ambient  pressure. 

Figure  6  shows  the  effect  of  pressure  on  solu¬ 
bility  and  indicates  the  greatest  increase  with 
pressure  at  the  lover  temperatures.  If  Eq.  (3)  or 
Eq.  (h)  describes  the  dissolving  reaction  it  vould  be 
expected  that  the  volume  of  the  species  on  the  right  is 
smaller  leading  to  an  increase  in  solubility  with 
pressure. 

Growth  and  Perfection 

Seed  Orientation 

In  order  to  investigate  the  effect  of  seed 
orientation  on  growth  rate  and  perfection,  a  series  of 
runs  using  seeds  of  various  orientations  was  carried 
out.  The  condtions  were:  6.1  a  H3PO1, ,  82?  fill,  AT 
between  seeds  and  nutrient  2-5°C  with  the  seeds  in  the 
lover  portion  of  the  autoclave  and  the  nutrient  con¬ 
tained  in  a  basket  in  the  upper  portion  which  was 
always  at  a  lower  temperature  and  rate  of  temperature 
increase  1.6-2°C/da.  (see  ref.  2)  for  details  of  this 
grovth  procedure).  All  experiments  began  vith  the 
seed  region  151  -+-  1°C  and  in  general  concluded  when 
the  seed  region  was  at  'U210°C.  The  growth  razes 
obtained  for  seeds  whose  faces  are  as  indicated  were: 

(0001)  (basal  plane)  -  10-20  mil/da  (0.25-0. 50  mm/da) 
(1120)(X  cut)*  -  9-12  mil/da  (0.23-0.30  mm/da) 

(10I0)(Y  cut)*  -  5-6  mil/da  (0.12-0.15  mm/da) 


"Although  no  data  are  available  for  hydrothermal 
conditions,  at  ambient  the  ionization  constants 
of  the  first  H+  for  the  acids  are 

%P0k  >  \p2o7  >  KHP0l/  Data  for  mono-basio 

acids*®  under  hydrothermal  conditions  show  that 
ionization  constants  decrease  rapidly  as  tempera¬ 
ture  is  raised  and  increase  with  pressure. 
Quantitative  calculation  of  these  effects  for  the 
phosphoric  acids  awaits  appropriate  data. 


(Olll) (minor  rhombohedral  face) 

-  5  mil/da  (0.12  mm/da) 

(1011) (major  rhombohedral  face) 

-  6  mil/da  (0.15  mm/da). 


* 

X  and  Y  are  the  crystallographic  axes  in  the  I.R.E. 
nomenclature  (see  R.  A.  Heising  "Quartz  Crystals  for 
Electrical  Circuits"  Electronic  Indus.  Ass., 
Washington,  19^6,  p.  60  ff). 
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The  relative  growth  rates  are  in  general  agreement  with 
the  morphology  of  the  equilibria  fora  as  Judged  fron 
observing  spontaneously  nucleated  crystals.  Spontane¬ 
ously  nucleated  crystals  are  bounded  by  snail  prisa 
(lOlO)  faces  and  terminated  by  minor  and  major  rhombo- 
hedral  faces.  Thus,  it  would  be  expected  that  the 
rates  on  prisa,  najor  and  ninor  faces  are  saaller  than 
for  (1120)  and  (0001)  faces  since  the  latter  two  do 
not  exist  as  bounding  equilibrium  surfaces. 

Perfection  Studies 

Much  can  be  learned  by  macroscopic  examination 
of  grown  crystals.  The  two  principal  inperfections 
readily  observable  are  "crevice  flawing"  and  cracks. 
Figure  7  illustrates  rather  severe  crevice  flawing  on 
an  X-eut  seed.  Growth  conditions  and  growth  rates  for 
the  crystals  examined  for  perfection  are  quoted  in  the 
previous  section.  When  growth  is  on  a  nonequi librium 
face  there  is  a  tendence  for  higher  growth  rates  and 
the  formation  of  "hillocks"  which  tend  to  protrude 
across  the  solute  depleted  diffusion  layer  near  the 
growing  face.  The  tips  of  such  hillocks  experience 
a  higher  supersaturation  and  tend  to  grow  faster  than 
the  regions  between  hillocks.  This  phenomenon  is  the 
hydrothermal  analogue  of  constitutional  supercooling 
and  may  be  viewed  as  a  kind  of  dendritic  growth. 19**0 
Entrapment  of  solution  between  hillocks  leads  to 
bubbles  of  solution  in  the  grown  material  which  are 
observed  as  "veils"  Thus,  growth  at  slower  growth 
rates  and  on  equilibrium  faces  would  be  expected  and 
was  observed  to  produce  a  greatly  reduced  tendency 
for  crevice  flawing. 

Cracks  of  the  sort  shown  in  Fig.  8  are  often 
observed  in  hydrothernally  grown  material.  In  the  case 
of  quartz^l  we  found  that  they  were  associated  with 
strain  caused  either  by  strain  in  the  seed  propagating 
into  the  grown  crystal  or  by  strain  associated  with 
dislocations  arising  at  inclusions  in  the  new  growth. 

It  was  further  observed  ir.  quart z2l  that  disordered 
regions  in  seeds  propagated  into  crystals  and  strain 
free  seeds  were  much  less  likely  to  produce  cracked 
growth.  Polariscopic  examination  of  AlFOi,  of  the  sort 
used  on  quart z21  revealed  that  strain  was  generally 
present  and  tended  to  be  localized  near  cracks  and 
veils.  Since  veils  are  caused  by  local  bubble  inclu¬ 
sions  where  solvent  is  trapped  in  the  grown  crystal, 
it  is  reasonable  that  these  inclusions  will  be  a 
source  of  strain  which,  if  excessive,  will  lead  to 
cracks.  Thus,  processes  designed  to  reduce  bubbles 
and  veils  have  proved  helpful  in  reducing  cracking. 
Systematic  screening  of  seeds  in  a  polariscope  once 
seed  quality  is  1  igh  enough  to  permit  a  reasonable 
yield  of  strain  free  crystals  would  also  be  indicated. 

Based  on  the  above  macroscopic  observations  of 
grown  crystals,  we  decided  that  in  order  to  improve 
the  evaluation  of  AlPOi, ,  it  was  important  to  develop 
a  suite  cf  techniques  capable  of  distinguishing: 

('.)  microscopic  imperfections  such  as  veils,  bubbles 

and  foreign  phases  within  the  interior  of  the 

crystal. 

(2)  twinning  and  low  angle  grain  boundaries  in  seeds 

and  grown  material, 

(3)  damage  in  seeds  as  a  result  of  seed  preparation, 

(h )  dislocations  in  seeds  and  grown  material. 

To  evaluate  imperfections  within  the  crystal, 
we  have  found  that  both  macroscopic  and  microscopic 
examinations  in  index  matching  immersion  oil  can  be 
a  most  useful  technique.  Figure  9  shows  an  example 
of  a  rather  imperfect  crystal  as  viewed  in  immersion 
oil.  It  is  worth  pointing  out  that  many  of  the 


imperfections  revealed  in  Fig.  9  would  have  escaped 
observation  in  the  absence  of  the  index  matching  fluid. 
The  imperfections  are  principally  "veils".  Observation 
at  higher  magnification  (Fig.  10)  shows,  as  expected, 
that  the  veils  are  composed  of  microscopic  bubbles 
entrapping  hydrothermal  fluid.  It  is  interesting  to 
note  that  the  degree  of  fill  of  the  bubbles  approxi¬ 
mates  that  of  the  autoclave  growth  conditions,  thus, 
substantiating  the  procedures  used  by  geochemists, 
such  as  Roedder22  where  degree  of  fill  of  liquid 
inclusions  in  minerals  is  taken  as  a  fair  measure  of 
the  density  of  the  growth  solution. 

Twinning  and  low  angle  grain  boundaries  are  best 
revealed  by  etching.  An  appropriate  etch  is  a  satu¬ 
rated  aqueous  solution  of  KHjjHFg  at  room  temperature. 
Etching  times  cf  the  order  of  30  min.  reveal  many 
features.  Figure  11  shows  two  sorts  of  features  best 
revealed  by  such  etching.  Disoriented  regions  (Fig.  11a) 
and  growth  striae  (Fig.  lib).  Misoriented  regions 
propagate  from  the  seeds  so  that  careful  seec  inspec¬ 
tion  and  selection  using  etching  is  necessary.  Growth 
striae  could  result  in  inhomogeneities  in  the  crystal 
affecting,  for  example,  acoustic  Q  and  may  need  to  be 
taken  into  account  in  interpreting  such  measurements. 

As  a  result  of  etching  studies,  we  become  con¬ 
cerned  that  the  seed  damage  caused  by  sawing  and 
lapping  might  be  propagating  into  grown  material.  To 
evaluate  such  damage,  x-ray  diffraction  linewidth 
measurements  were  used.  A  single  crystal  diffract¬ 
ometer  having  very  narrow  source  slits  and  a  wide  area 
detector  was  used  with  CuKa  radiation.  Seeds  were  cut 
with  a  diamond  impregnated  wire  using  silicon  carbide 
slurry  in  water  and  lapped  with  600  mesh  silicon  car¬ 
bide.  Figure  12  (curve  A)  shows  the  diffraction  curve 
for  the  (200)  reflection  following  this  procedure. 
Experience  indicated  that  linewidths  of  the  magnitude 
shown  in  Fig.  12  (curve  A)  were  associated  with  fairly 
severe  damage.  The  sample  of  Fig.  12  was  further 
lapped  with  303-1/2  and  305  AI2O3  and  then  etched  with 
saturated  NHtHFg  at  room  temperature  for  30  min.  The 
linewidths  of  Fig.  1  (curve  B)  result.  Experience  with 
other  mateials  such  as  Si  indicates  that  a  linewidth  of 
the  magnitude  of  curve  B  can  only  be  obtained  from  a 
material  with  negligible  damage.  Thus,  AI2O3  lapping 
and  etching  were  adopted  as  standard  seed  preparation 
procedures. 

Dislocations  are  a  common  feature  of  hydrothermal 
crystals  and  have  been  extensive  studied  in  quartz.2325 
Therefore,  using  Culy,  radiation  and  procedures  previ-  . 
ously  described  for  quartz, 25  we  decided  to  take  pre¬ 
liminary  Lang  x-ray  topographs  of  AlPOi,.  An  example  is 
shown  in  Fig.  13.  As  can  be  seen,  the  dislocation 
density  is  very  high.  The  dark  vertical  lines  of 
Fig.  13  are  reflections  and  should  not  be  associated 
with  regions  of  unusual  dislocation  density.  It  would 
be  expected  that  processes  analogous  to  those  used  in 
quartz  growth  (seed  selection,  etching  to  remove 
damage  in  seeds,  avoiding  inclusions,  etc.)  would  be 
effective  in  reducing  and  perhaps  even  eliminating 
dislocations  in  AlPOj,. 

By  combining  the  procedures  to  improve  quality 
described  above,  it  is  possible  to  grow  crystals  which, 
while  not  perfect,  are  nevertheless  of  quite  respect¬ 
able  quality  as  shown  in  Fig.  lh .  Important  features 
in  obtaining  improved  quality  are  as  follows: 

(1)  Growth  on  orientations  other  than  (0001),  especi¬ 
ally  X  and  Y-cut  seeds  produce  crystals  more  free  of 
misoriented  regions,  veils  and  cracks.  This  is  under¬ 
standable  since  (0001 )  is  the  fastest  growing  surface 
with  a  higher  tendency  for  growth  hillocks,  dendritic 
growth  and  bubble  inclusions.  (2)  Imperfections 
present  in  seeds  tend  to  propagate  into  grown  crystals 
so  that  seed  screening  by  means  of  etching  should  be 
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used  to  select  seeds  free  of  disordered  regions. 
Etching  to  remove  saw  and  lapping  damage  should  also 
be  used  as  standard  seed  preparation  procedure.  As 
the  quality  of  seeds  improves ,  polariscopic  examina¬ 
tion  and  x-ray  topography  become  appropriate  for  seed 
selection.  (2)  Past  experience  with  other  materials 
would  suggest  that  slower  growth  rates  and  further 
attention  to  the  chemical  purity  of  starting  materials 
would  be  profitable  directions  for  further  investiga¬ 
tion. 

Conclusions 

Systematic  studies  of  solubility  have  shown  that 
in  H3PO1,,  AlPOj,  ha3  a  negative  temperature  coeffi¬ 
cient  of  solubility  at  constant  pressure  so  that 
growth  procedures  at  constant  pressure  must  be  de¬ 
signed  to  overcome  this  difficulty.  The  negative 
temperature  coefficient  of  solubility  may  be  explained 
on  the  basis  of  the  p-v-T  behavior  of  the  solvent  so 
that  at  constant  fill,  the  coefficient  mny  be  positive 
in  seme  regions,  although,  at  least  at  80-823  fill, 
growth  experiments  at  constant  density  show  that  the 
coefficient  is  negative.  In  the  system  SiO^-HgO,  it 
was  shown  that  although  the  temperature  coefficient 
of  solubility  is  negative  at  constant  pressure  it  is 
positive  at  constant  density.  The  solubility  of  AlPOi, 
obeys  the  Van't  Koff  relationship  giving  quite  differ¬ 
ent  heats  of  solution  above  and  below  300°C  suggesting 
that  changes  in  she  ortho-neta-pyro  phosphoric  acid 
equilibria  with  temperature  may  cause  differences  in 
the  nature  of  the  solvent  near  300°.  The  dependence 
of  solubility  on  H3PO1,  concentration  gives  a  ratio 
HjPOij/AlPOl*  of  at  higher  H3PO1,  concentrations  at 
•1?0°C  suggesting  (AlCHjPOl,  }§3  as  a  possible  species  in 
solution.  The  solubility  dependence  on  pressure  is  as 
might  be  expected  if  the  dissolving  involves  the 
formation  of  AlfHgPOj,^  or  related  ions. 

Techniques  for  assessing  perfection  including 
macroscopic  and  microscopic  examination  in  an  index 
matching  medium,  etching,  x-ray  diffraction  linewidth 
and  Lang  x-ray  topography  showed  that  crevice  flawing 
(dendritic  growth),  cracks,  veils  (bubble  inclusions), 
aisoriented  regions  and  dislocations  all  occur  in 
AlPOj..  Seed  selection  and  etching  to  remove  seed 
samage  together  with  growth  on  orientations  other  than 
(OOOl)  especially  on  Y-cut  seeds  resulted  in  consider¬ 
able  improvement  in  AlPOj,  quality. 
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Fig.  2  Solubility  of  SiOg  (data  of  Kennedy)  in  H-0  as  a  function  of 
temperature  at  constant  pressure  and  at  constant  fill. 
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Fig. 3  log  solubility  of  AlPO^as  a  function  of 
absolute  temperature  in  7.58  m  HjPO^  at 
several  pressures 
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Fig.  4  Solubility  of  AlPO^  as  a  function  of  H3PO4 
concentration  at  170  degrees  C  and  at  300 
degrees  C  at  Kpsi 
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Fig.  5  Molarity  of  AIPO4  vs.  Molarity  of  H3PO4 
(from  the  data  of  Fig.  4). 
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Fig-  10  Bubbles  in  A1P0,  in  index  Hatching  medium. 


Fig.  9  AlPO^  crystal  in  index  matching  medium  - 
Growth  on  (1120)  seed,  crystal  size  3  cm. 
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(B)  Etched  (curves  offset  horizontally  for  clarity). 


Fifi.  I1*  Good  quajity  AiPO^  crystal,  *r  vti  ,,n  Y-eiit  (1010)  seed  at  b  mli/dt.. 
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Abstract 


lhe  natures  of  point  defects  in  a  -quartz  are 
briefly  reviewed,  including  the  results  of  a  number  of 
very  recent  electron  spin  resonance  (ESR)  studies. 

Some  common  inpurity-related  defects  are  considered, 
although  emphasis  is  placed  upon  those  defects  encount¬ 
ered  in  electronic-grade  and  prenium-Q  quartz  crystals. 
Only  in  a  few  cases  have  known  defect  centers  been 
positively  correlated  with  specific  optical  absorption 
bands.  Transient  optical  absorption  and  luminescence 
have  been  measured  in  a  field-swept  synthetic  quartz 
crystal  and  in  several  high  purity  fused  silicas  fol¬ 
lowing  pulsed  irradiation  by  500  keV  electrons.  The 
results  are  interpreted  as  indicating  the  formation  of 
transient  E '  centers  and  perhaps  transient  oxygen 
vacancies.  Various  cathodoluminescence,  radiolunlnes- 
cence,  and  photolumi.iesccnce  spectra  of  a  -quartz  and 
fused  silica  are  also  reviewed.  Results  found  in  the 
literature,  together  with  the  present  time-resolved 
data,  strongly  indicate  that  a  luminescence  spectrum 
peaking  near  4.3  eV  is  due  to  the  recombination  of 
electrons  with  holes  trapped  at  the  sites  of  isolated 
oxygen  vacancies.  A  ubiquitous  blue  luminescence 
(t  2.8  eV)  is  possibly  associated  with  the  formation 
of  transient  oxygen  vacancy-pcroxy  linkage  intinate 
pairs.  Other  possibilities  and  data  are  also  discussed. 


Introduction 


absorption  bands  (near  2.0  and  2.6  eV,  respectively) 
with  the  A £  center.  Unfortunately,  while  a  large  number 
of  studies  have  repeatedly  indicated  a  connection 
between  the  A  bands  and  the  Ail  center,  a  one-for-one 
correlation  does  not  seem  to  exist. Moreover,  poten¬ 
tial  correlations  between  various  observed  luminescence 


peaks  and  any  known  ESR  centers  have  been  regarded  as 
even  more  tentative.2** 


Clearly,  the  road  to  a  general  understanding  of  the 
role  of  point  defects  in  affecting  the  behavior  of 
quartz  oscillators  in  radiation  environments  lies  in 
developing  further  relationships  between  the  various 
defects  characterized  by  ESR  and  the  other  forms  of 
spectroscopic  data  which  are  frequently,  obtained.  It  is 
of  course  evident  that  the  possible  influences  of 
defects  other  than  the  Al  center  should  be  considered. 
Griscom®  has  recently  reviewed  a  wide  range  of  defect 
and  impurity  centers  in  ce-quartz  and  fused  silica, 
focusing  on  the  ESR  characterizations  but  also  listing 
the  ver;  few  cases  in  which  firm  correlations  have  been 
established  between  these  defects  and  certain  well 
defined  optical  absorption  bands.  The  present  paper 
seeks  to  extend,  rather  than  duplicate,  the  summary  of 
Ref.  8,  to  which  the  reader  is  referred  for  many  impor¬ 
tant  details.  In  particular,  the  present  work  will 
undertake  a  critical  review  of  recent  radlolumincscence* 
and  cathodoluminescence9,i0  studies  of  a  -quartz, 
including  the  results  of  transient  absorption  and 
and  luminescence  measurements  following  p  Jlsed  irradi¬ 
ation1^12  and  taking  note  of  very  recent  discoveries 
in  rhe  areas  of  ESR13  and  electron  microscopy.1* 


It  is  well  known  that  quartz  crystal  oscillators 
are  subject  to  frequency  offsets  and  changes  in  acoustic 
loss  as  a  consequence  of  radiation-induced  charge  trap¬ 
ping  at  point  defects.  An  excellent  review  of  this 
topic  has  been  provided  by  King  and  Sander1,  who  related 
both  the  transient  and  steady-state  frequency  offsets  to 
radiation-induced  detrapping  of  positively  charged  in¬ 
terstitial  cations  from  the  sites  of  one  particular 
impurity-related  point  defect,  the  substitutional  Af3  . 
In  turn,  the  many  known  variants  of  the  so-called  "At 
center"  were  comprehensively  reviewed  by  Weil,2  who 
emphasized  the  detailed  characterizations  that  have  been 
possible  by  means  of  the  technique  of  electron  spin 
resonance  (ESR) .  Many  other  Important  studies  have 
attempted  to  correlate  radiation-induced  changes  in 
quartz  oscillators  with  the  formation  of  point  defects 
by  making  use  of  other  spectroscopic  techniques  such  as 
optical  and  infrared  spectroscopy3,  radioluminescence*, 
and  photo  conductivity5  (the  literature  cited  here  is 
exemplary  and  far  from  exhaustive).  In  all  of  the 
latter  investigations,  the  respective  authors  have 
assumed  or  attempted  to  demonstrate  correlations  between 
certain  measured  spectroscopic  properties  and  the  pre¬ 
sence  of  specific  defect  centers  previously  delineated 
by  ESR.  An  example  of  particular  relevance  has  been  the 
association  of  the  radiation- induced  A^  and  A2  optical 


Defects  and  Impurities  in  a  -Quartz 

As  a  minimal  background  for  the  following  sections, 
a  brief  discussion  is  given  of  the  natures  of  a  few 
pertinent  defect  and  impurity  configurations  in  a  - 
quartz  which  can  trap  charges  upon  exposure  to  ionizing 
radiation.  Further  details  can  be  found,  e.g.,  in 
Refs.  2  and  8. 

Impurity  Centers 

The  Al  Center .  The  best  known  impurity  center  in 
a  -quartz,  and  perhaps  the  one  of  greatest  importance  to 
the  performance  of  quartz  resonators  under  radiation 
conditions,  is  the  AS.  center.  It  consists  of  an  elec¬ 
tron  hole  trapped  at  the  site  of  an  "Ai3+"  substi¬ 
tutional  for  an  "Si*+"  in  the  lattice.  Since  the  sub¬ 
stitutional  aluminum  requires  an  extra  electron  to 
complete  all  four  tetrahedral  bonds,  it  is  generally 
charge  compensated  in  its 
monovalent  cation  (usually 
Na+)  in  a  nearby  interstitial  channel.  A  shorthand 
notation  has  been  developed  wherein  the  pre-irradiation 
state  of  the  substitutional  aluminum  is  designated  by 
[  Ai/M*]0,  where  the  superscript  outside  the  brackets 
indicates  the  overall  clectral  charge  with  respect  to  a 


prerirradiation  state  by  a 
,  M+  -  I r,  Li+,  or 
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normal  lattice  site.  Upon  Irradiation  at  room  tem¬ 
perature,  a  hole  (e+)  is  trapped  on  one  of  the  four 
o  tygens  surrounding  the  aluminum;  the  interstitial 
nation,  no  longer  needed  for  coapensation,  diffuses 
away.  This  "bare"  Af  center,  sometimes  designated 
[  A*-e+  ]  ° •  was  originally  reported  in  natural  smoky 
quartz  by  Griffiths,  Owen,  and  Ward-6  ar.d  was  inter¬ 
preted  in  some  detail  by  O'Brien.^  O'Brien's  model, 
illustrated  in  Fig.  1,  finds  the  hole  trapped  in  the 
non-bonding  2p  oxygen  orbital  perpendicular  to  the  plane 
defined  by  AE-O-Si.  A  body  of  evidence  suggests  con¬ 
siderable  structural  relaxation  at  the  defect  site  so 
that  the  Al-O(hole)  bond  length  becomes  substantially 
longer  than  the  normal  Si-0  distance  in  quartz  (see 
Ref.  8  for  further  discussion);  this  relaxation  may  be 
responsible  for  the  observed  positions  of  the  optical 
A-bands  (see  below)  which  are  not  theoretically  ex¬ 
plained  otherwise.  22 


Fig.  1  Steric  representation  of  the  (Aie+]  0  trapped 
hole  center  in  a  -quartz  (After  Ref.  8.) 


carried  out  at  a  cryogenic  temperature  (e.g. ,  77K) ; 
upon  warmup  two  other  germanium-related  species,  the 
Ge(A)  and  Ge(C)  centers  were  observed. 20  The  latter 
were  shown  to  bo  cation-compensated,  charge  neutral 
defects  which  were  denoted  [Ge(A,C)  where  =  Na+ 

or  Li+.  Recent  work22  has  confirmed  the  suggestion2® 
that  [Ce(A)e_/K*]  0  results  from  the  capture  of  a 
mobile  H*  ion  at  the  site  of  a  [Ge(Il)e“  defect  ar.d 
has  shown  that  the  corresponding  relationship  exists 
between  Ge(C)  and  Ge(I).  It  has  been  demonstrated22 
that  the  Ce(A,C)  centers  have  optical  absorption  bands 
at  4.43  eV. 

By  x-irradiating alkali-  and  hydrogen-doped 
a  -quartz  samples  at  77K,  Mackey2®  was  able  to  identify 
a  series  of  positively  charged  AS.  centers  still  involv¬ 
ing  the  interstitial  cation;  In  the  familiar  notation, 
these  were  denoted  [Ai.,e+/M+J  +,  where  If*"  =  Li+,  Na+,  or 
H+.  The  precursors  of  these  centers  In  the  unirradiated 
materials  were  inferred  to  be  the  cation-compensated 
substitutional  aluminum  [AI/M+]  °.  Mackey2®  found  that 
when  the  samples  were  warmed  to  the  vicinity  of  room 
temperature  the  holes  (and  electrons)  remained  trapped 
but  that  the  cations  diffused  away  from  the  aluminum 
sites  and  arrived  at  the  sites  of  Ge(I,II)  centers  to 
form  the  more  stable  [Ce(A,C)e-/M+]  °  defects  (see 
above  and  Fig.  2).  Interestingly,  Martin  etal.23  report 
that  [A?.e+/M+]  +  centers  are  not  formed  in  electronic 
grade  and  premium-0  quartz  samples  x-irradiated  at  77K2’ 
even  though  [Ai/M+  J°  sites  are  evidently  present.  Pre¬ 
sumably,  this  result  is  related  to  the  extremely  low 
(though  unknown)  germanium  concentration  in  the  latter 
materials. 


As  mentioned  In  the  Introduction,  a  firm  correlat¬ 
ion  between  the  A l  center  and  the  A]  and  A2  optical 
bands  is  lacking.  Weeks6  found  a  partial  correlation 
between  these  bands  and  the  [a£c+]o  ESR  upon  Y- 
irradiatlon  and  subsequent  thermal  decoloration  of  a 
synthetic  crystal  containing  70  ppm  M  and  400  ppm  Na. 
However,  reirradiation  restored  the  optical  bands 
exactly  but  gave  an  [Al0+]°  spectrum  which  was  a 
factor  of  three  larger  than  after  the  original  irradi¬ 
ation.6  An  explanation  of  this  result  Is  perhaps  to 
be  found  in  the  work  of  Nassau  and  Prescott,)  who  in 
performing  similar  experiments  on  other  synthetic 
crystals  have  correlated  the  [a£c+]°  ESR  with  an 
optical  band  at  2.9  eV  (which  they  designated  A3). 

Since  the  Aj  and  A2  bands  can  occur  independently  of 
the  A3  band, ^  It  is  possible  e.g.,  that  the  latter  band 
was  weaker  than  and  obscured  by  the  former  In  Week's 
sample.  In  any  event,  the  origin  of  the  Aj  and  A2 
bands  should  be  considered  uncertain. 

The  Ge  centers.  The  most  extensively  studied 
extrinsic  trapped-electron  centers  in  a -quartz  have 
involved  silicon-substituted  germanium.  Although  these 
have  been  Investigated  in  synthetic  a  -quartz  deliber¬ 
ately  doped  with  Ce,  their  Influence  In  electronic  grade 
crystals  cannot  be  ruled  out  due  to  the  minute  numbers 
of  trapped  charges  concerned  (a-  1  ppm)  and  the  diffi¬ 
culty  of  analyzing  for  germanium.  In  any  event,  the 
"Ge  center"  is  a  model  for  a  class  of  defects  involving 
substitutional  Impurities  having  the  same  valence  as 
silicon,  but  a  greater  electron  affinity.  Two  types  of 
"bare"  Ge  centers  [Ce(I ,ll)e- ]  ”1  have  been  discussed  In 
the  early  literature, 18-20  although  It  has  recently 
been  demonstrated  that  Ge(II)  is  essentially  an  excited 
state  of  Ce(I).21  (The  shorthand  notation  has  the  same 
meaning  as  above;  e*  stands  for  a  trapped  electron  and 
the  Roman  numerals  denote  the  two  variants.)  Ce(I)  and 
Ce(II)  have  been  observed  only  when  Irradiation  was 


(!) 


M*  =  No*,Li  + 


Fig.  2  Kinetic  relationships  among  paramagnetic 
centers  in  germanium  doped  a  -quartz. 
(After  Ref.  20.) 


Other  extrinsic  defect  centers.  Some  other  defects 
of  conceivable  relevance  to  the  quartz  oscillator 
problem  are  the  GeHLt2  centers26,  the  nearlv  analogous 
Celh  centers2’,  the  so-called  8-centers26  [Gee-/Nn+, 
M,n]  0  where  M,  N  =  Na  or  Li,  and  the  proton-compen¬ 
sated  Tl2+  centers,22  In  the  former  two  cases,  pre¬ 
existing  lithium-  or  protron-compensa^ed  substitutional 
Ce2+  ions  are  envisioned  to  capture  a  radiation-produced 
hydrogen  atom.  Correspondingly,  the  titanium-associated 
defect  appears  to  result  from  the  capture  of  a  mobile  11° 
at  the  site  of  a  substitutional  Ti6-*",  The  hydrogen 
atoms,  which  have  been  observed  by  ESR  after  irradiation 
at  77K,23.22-29  presumably  are  the  result  of  radiolysis 
of  OH  groups  and/or  [Ai/H+J  0  complexes  and  undoubtedly 
play  an  Important  intermediate  role  .in  the  radiation 
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damage  process  at  room  temperature.  On  the  other  hand, 
the  8-centers  are  believed  to  he  the  result  of  sequent¬ 
ial  capture  of  electrons  and  mobile  alkali  ions  at  the 
sites  of  substitutional  Ce4+  ions.  Even  though  ger¬ 
manium  and  titanium  may  be  virtually  absent  from  pre¬ 
mium-!)  quarts:  crystals,  it  remains  possible  that  the 
few  impurities  of  these  types  present  may  serve  as 
nuclei  for  the  formation  of  multiple-cation  defects 
similar  to  those  listed  here. 

Intrinsic  Defect  Centers 

Centers.  E'  is  the  nomenclature3®'32  which  has 
been  applied  to  a  class  of  defects  In  a  -quartz  associ¬ 
ated  with  oxygen  vacancies.  From  the  F.SR  viewpoint,  the 
E'center  consists  of  an  unpaired  electron  localized  In 
the  dangling  sp3  hybrid  orbital  of  a  pyramidal  Si03 
unit.  In  crystal  quartz,  these  dangling  orbitals  were 
always  found  to  be  parallel  to  Si-0  bond  directions, 
thus  giving  strong  support  to  the  oxygen  vacancy  model. 
The  fact  that  the  primary  2?Si  hyperfinc  interaction  of 
the  E'  center  showed  a  localization  on  one,  rather  than 
two  silicons,  led  Initially  to  the  suggestion  of  an  Si-0 
divancancy32  but  has  recently  been  explained  in  a  more 
satisfactory  manner  in  terms  of  the  asymmetric  relax¬ 
ation  shown  in  Fig  3.  3  While  there  Is  no  direct 
evidence  that  one  of  the  two  silicons  neighboring  the 
vacancy  actually  relaxes  to  planarity,  Feigl,  Fouler 
and  Yip33  based  their  argument  to  this  effect  on  well- 
established  stereochemical  princlples'couplod  with 
detailed  theoretical  calculations. 24 


0^(3 

Oxygen  Silicon 


(A)SiOj  BONDING 
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Fig.  3  Asymmetric  relaxation  model  for  the  formation 

of  the  E^'  center  in  a  -quartz.  (After  Kef. 33.) 


Further  support  for  the  model  of  Feigl,  Fowler  and 
Yip  derives  from  a  study  of  the  analogous  boron  E' 
center  in  a  B2O3  -  SIO2  glass, 25  In  this  glass,  boron 
Is  known  to  be  planar  trigonally  coordinated  but,  as 
shown  by  Griscom  et  al.  .25  upon  trapping  of  an  electron 
the  local  configuration  distorts  so  that  the  boron 
puckers  out  of  the  plane  of  the  three  oxygens  to  which 
it  is  bonded.  Since  the  ESR  hyperfinc  parameters  are 
directly  related  to  the  bond  angles  at  the  defect  sites, 
It  has  been  possible  to  derive  distributions  of  bond 
angles  for  E'  centers  in  glasses,  these  distributions 
being  consequences  of  the  randomness  In  the  vitreous 
state. 26  As  shown  in  Fig  4,  the  apex  angle  p  for  the 
SI  E'  center  has  a  nearly  Gaussian  distribution  in 
fused  silica,  with  a  mere  0.7°  halfwidth;26  a  similar 
result  was  noted  for  the  B  E'  center.  33  This  finding 
shows  that  the  pyramidal  geometry  of  the  SIO3  unit 


A,so  (GAUSS) 


Fig.  4  Distribution  in  bond  angles  for  the  E'  center 
in  glassy  silica,  as  derived  from  the  experi¬ 
mentally  determined  distribution  in  2?Si  hyper- 
fing  coupling.  (After  Ref.  36.) 


retaining  the  unpaired  electron  is  relatively  precisely 
defined  even  in  the  presence  of  random  strain  fields. 

Several  varieties  of  E'  center  have  been  delineated 
in  a-quartz  and  these  have  been  distinguished  by  sub¬ 
scripts.  The  Ej'  center  is  illustrated  in  Fig  3;  it  is 
believed  to  result  from  the  trapping  a  hole  e+  at  the 
site  of  a  neutral  oxygen  vacancy,  i.e.,  a  vacancy 
initially  containing  two  electrons  in  the  dangling 
silicon  orbitals.  The  Ej'  center  has  an  optical  ab¬ 
sorption  band  at  n-  5.85  eV.27  The  Eg'  center  finds  the 
unpaired  electron  trapped  on  the  opposite  side  of  the 
vacancy  in  Fig.  3,32»2o  with  silicon  "0"  presumably 
relaxing  into  the  plane  of  oxygens  II,  III,  and  XV.  The 
f-2'  center  is  weakly  associated  with  a  proton32  and  has 
been  shown  to  have  an  optical  absorption  near  5.5 
eV.20>31  a  third  related  defect,  the  Ex'  center,  has 
only  recently  been  fully  characterized3? ;  it  appears 
to  result  from  the  trapping  of  a  radiation-produced 
hydrogen  atom  at  the  site  of  a  neutral  oxygen  vacancy 
forming  an  E'-type  defect  with  a  captive  H"  ion.4® 

Peroxy  Radical  Defects.  As  demonstrated  only 
recently, 13,41  the  peroxy  radical,  or  R02*,  is  a 
fundamental  defect  center  in  high  purity  fused  silica. 

It  can  be  produced  in  low-OH  silica  by  Y-Irradiation  or 
by  the  act  of  fiber  drawing  and  annealing4*  or  in 
silicas  of  any  OH  content  by  neutron  irradiation.*3 
The  ESR  evidence  for  peroxy  radicals  In  vitreous  S102 
is  summarized  in  Fig.  5,  where  the  dotted  curves  re¬ 
present  computer  line-shape  simulations  used  to  derive 
g  values  and  hyperfine  splittings.  Stapelbroek  et  al.4* 
noted  that  the  g  tensor  for  a  certain  well  defined 
defect  in  silica  (Fig.  5a)  was  consistent  with  an  O2"- 
type  center.  It  then  remained  for  Frlebele  et  al.13 
to  demonstrate  by  **0-enrichment  a  hyperfine  Interaction 
of  this  particular  defect  with  two  inequivalent  1?0 
nuclei  (Fig.  5b),  thus  proving  the  peroxy  radical  model. 

The  precursor  of  the  peroxy  radical  In  silica  is 
believed*3  to  be  the  peroxy  linkage  5S1-0-0-S1S  . 
which  is  envisioned  to  be  half  of  a  Frenkel  pair,  the 
other  half  being  the  oxygen  vacancy  BSi-SiS  •  Fig-  6 
illustrates  how  the  oxygen  vacancy  can  trap  a  hole  to 
form  an  E^ '  center  while  the  peroxy  linkage  can  trap  a 
hole  to  form  a  peroxy  radical. 

When  low-OH  fused  silica  is  Y“irradiated  at  room 
temperature,  the  relatively  large  induced  peroxy 
radical  concentration  ("v  10*®  cm'3  for  a  dose  of  10® 
rad)  is  found  to  double  upon  annealing  to  300°C.4* 
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Fig.  5  ESR  spectra  of  the  peroxy  radical  defect  in 
fused  silica:  (a)  Low-GK  silica  after  y- 
irradiation  and  annealing,  (b)  120-enriched 
silica  after  neutron  irradiation  and  annealing. 
(After  Refs.  13  and  41.) 


Fundamental  Defect  Center*  in  a-Quartz  and  Fused  Silica 


(a)  The  E'  Center 


lb)  Ths  Peroxy  Radical 


unidentified  ESR  lines  having  g  values  of  2.008,  2.016, 
and  2.021  for  the  magnetic  field  parallel  to  the  c- 
axls.  Since  these  g  values  lie  within  the  span  of  the 
principle  axis  values  for  the  peroxy  radical  in  silica 
(see  Fig.  Sa),  a  strong  argument  can  be  counted  that 
Weeks  has  in  fact  observed  the  peroxy  radical  in  a  - 
quartz.  The  observed  annealing  behavior,  coupled  vlth 
a  doubling  of  the  7.6  eV  band  upon  rc irradiation, 
supports  the  suggestion®  that  this  band  has  a  pre¬ 
cursor  state  which  docs  not  absorb  visible  light  but 
which  can  be  created  by  irradiation  and  annealing.  It 
now  seems  likely  that  this  precursor  is  the  peroxy 
linkage. 


Experimental 

Transient  optical  effects  in  a  variety  of  fused 
silicas  and  one  sample  of  field-swept,  X-cut  Sawyer 
quartz  were  observed  following  5-nanosec  pulses  of  600 
keV  electrons  from  a  Febetron  706  source. 11>J2  Each 
pulse  deposited  •v  10^  rad  into  a  zone  “«  1  an  deep, 
corresponding  to  an  areal  energy  deposition  of  2  x 
1018  eV/cn2.  Samples  were  in  the  form  of  rectangular 
prisms  Ms  1.5  x  0.3  cm  polished  on  the  front  and 
two  end  faces.  Time-resolved  optical  absorption  was 
measured  by  passing  monochromatized  light  into  one  end 
face  at  a  slight  angle  (“V  15°)  to  the  polished, 
irradiated  front  face,  resulting  in  total  internal 
reflection  of  this  probe  beam  and  two  oblique  passes 
through  the  irradiated  zone.  Upon  exiting  the  third 
polished  face,  the  probe  light  entered  a  double  mono¬ 
chromator  and  was  detected  by  a  photomultipier.  Trans¬ 
ient  luminescence  was  measured  In  the  same  geometry  by 
turning  off  the  probe  light.  Sample  temperatures  were 
maintained  near  300,  77,  or  4.2K  by  means  of  a  shielded 
cold  finger  arrangement  in  an  evaculated  chamber. 

Other  experimental  data  have  been  taken  from  the 
literature;  the  reader  Is  referred  to  the  individual 
sources  cited  for  pertinent  experimental  details. 

Transient  Optical  Absorption 

Pulsed  electron  irradiation  of  a  -quartz  and 
fused  silica  samples  resulted  in  transient  optical 
absorption  bands  which  decayed  in  times  of  the  order  of 
milliseconds  or  less.^>^  Fig.  7  presents  the  in¬ 
duced  optical  densities  at  various  wavelengths  meas¬ 
ured  at  a  fixed  time  (y  lOy  sec)  following  electron 
pulses  delivered  at  4.2K,  In  the  case  of  the  a  - 
quartz  sample  (Fig.  7b)  the  measurement  time  was  much 
shorter  than  the  single  exponential  decay  constant 
determined  (further  discussion  of  the  decay  kinetics 
will  be  deferred  to  the  following  Section). 


Fig.  6  Formation  of  intrinsic  defect  centers  in  o  - 

quartz  and  fused  silica  by  hole  trapping  at  the 
sites  of  a  neutral  Frenkel  defect  pair. 


This  unexpected  behavior  was  also  mirrored  by  the 
amplitude  of  an  optical  absorption  band  at  7.6  eV, 
thereby  demonstrating  that  the  peroxy  radical  has  an 
optical  transition  at  this  energy. ^ 

While  there  has  been  no  complete  ESR  confirmation 
of  the  existence  of  peroxy  radicals  in  irradiated  a  - 
quartz,  Weeks®  has  reported  a  Y-rny-ir.duced  absorption 
band  at  7.6  eV  in  a  synthetic  crystal  corresponding  to 
£  10*8  defects  cm- 3  for  a  dose  of  109  rad.  This 
band  increased  by  a  factor  of  'V  1.4  upon  annealing  to 
300°C  and  a  similar  behavior  was  noted  for  certain 


The  data  of  Fig.  7  were  obtained  by  a  point-by¬ 
point  method  and  actually  represent  the  averages  of 
Individual  measurements  following  2-6  electron  pulses 
in  the  case  of  the  glass  sample  and  1-3  pulses  in  the 
case  of  the  quartz  sample.  Considerable  shot-to-shot 
scatter  (up  to  +  50%)  due  to  variations  in  the  electron 
source  intensity  were  encountered;  much  of  this  scatter 
is  averaged  out  in  the  case  of  the  glass  data.  It  is 
to  be  noted  that  the  point-by-point  method  resulted  in 
each  sample  receiving  an  ever -increasing  total  dose 
during  the  course  of  an  experiment.  However,  no 
evidence  could  be  found  of  a  systematic  dependence  of 
the  transient  absorption  upon  accumulated  dose.  The 
distinction  between  transient  and  permanent  damage 
should  be  emphasized  here.  Comparing  the  present 
results  obtained  at  4.2K  for  Coming  7940  with  the 
"permanent"  damage  studies  of  Arnold  and  Compton**2  at 
77K,  leads  to  the  ratio  (transient  absorption  per  unit 
dose):  (permanent  absorption  per  unit  dose)  %  10^  iu 
the  Ei'  region  of  the  spectrum  (n>  5.85  eV). 
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Fig.  7  Transient  optical  absorption  In  (a)  Coming 
7940  fused  silica  and  (b)  field-swept  Sawyer 
quartz  Immediately  following  pulsed  irradiation 
by  500  keV  electrons.  (After  Ref.  11.) 


The  two  data  sets  of  Fig.  7  have  each  been  fitted 
by  three  Gaussian  bands  constrained  to  have  peak  posi¬ 
tions  of  5.85,  5.5,  and  4.7  eV,  corresponding  respec¬ 
tively  to  the  Ej'  and  hands  and  an  unidentified 
band  consistently  observed  as  permanent  damage  in 
high  purity  fused  silicas. 43  These  fits  are  certainly 
not  unique,  particularly  in  view  of  the  scatter  in  the 
quartz  data,  but  they  nevertheless  demonstrate  that 
the  transient  absorption  bands  are  quite  possibly 
identical  with  well  known  permanent  bands  described  in 
the  literature.  For  the  sake  of  discussion,  it  will 
be  assumed  in  the  remainder  of  this  paper  that  trans¬ 
ient  E '  centers  of  some  nature  are  formed  in  both  a  - 
quartz  and  glassy  silica  as  a  result  of  pulsed  electron 
irradiation. 

An  estimate  of  the  total  number  of  transient  E' 
centers  per  electron  pulse  can  be  made  by  means  of  the 
expression^7 

N  -  7.06  *  lO*5  amax  A  E/f,  (1) 

where  is  the  initial  absorption  coefficient  at  the 

peak  of'  the  band,  A  E  is  the  full  width  at  half  maximum, 
and  f  is  the  oscillator  strength  of  the  defect. 

Assuming  values  of  f  for  the  Ej'  and  E2'  centers  to 
be77  0.14  and  0.28,  respectively,  and  an  effective 
optical  path  length  through  the  Irradiated  zone  of  0.8 
cm,  the  fitted  curves  of  Fig.  7b  in  conjunction  with 
eq.  (1)  yield  N(Ex  '+  E2')«  2.5  x  10*6  cm-3.  This 


transient  population — induced  by  a  10^  rad  pulse — is 
comparable  to  the  density  of  permanent  E2'  centers 
induced  in  synthetic  quartz  crystals  by  a  y-ray  dose 
of  *v>  2  x  10”  rad 32  and  presumably  exceeds  the  number  of 
oxygen  vacancies  preexisting  in  the  crystals  before 
irradiation.  Thus,  there  are  grounds  for  considering 
the  possible  occurrence  of  radiation-induced  transient 
oxygen  vacancies. 

Luminescence 

The  purpose  of  this  secclon  is  to  sucnarlze  and 
discuss  the  results  of  various  studies  of  the  light 
emission  from  a  -quartz  or  fused  silica,  primarily  as 
observed  during  or  immediately  following  exposure  to 
ionizing  irradiation  or  bombardment  by  energetic 
particles.  The  terminology  radioluminescenca  is  gener¬ 
ally  used  in  the  cases  of  steady  state  excitation  by 
x-rays  or  y-rays;  cathodoluminesce  implies  steady  state 
electron-beam  excitation.  Short-lived  luminescence 
observed  following  pulsed  irradiation  shall  be  referred 
to  simply  as  transient  luminescence.  Some  results  of 
photo  luminescence,  stimulated  by  visible  or  UV  light, 
will  be  mentioned  in  the  context  of  the  other  experi¬ 
ments. 


Spectral  Ty 


The  observed  luminescence  spectra  of  cs  -quartz  and 
fused  silica  under  high-energy  stimulation  appear  to  be 
classifiable  into  at  least  three  distinct  "bands", 
centered  near  2.8  eV  (440  na),  4.3  eV  (290  nm),  and 
6.7  eV  (185  nm).  In  Fig.  8  are  compiled  a  number  of 
cachodoluminescence,  radioluminescence,  and  transient 
luminescence  spectra  spanning  the  spectral  range  of  the 
two  lower  energy  bands. 


The  Blue  Luminescence.  It  can  be  noted  in  Fig.  8 
that  the  2.8  eV  ("blue")  band  seems  to  be  ubiquitous  to 
many  varieties  of  a  -quartz  and  fused  silica,  although 
its  exact  position  and  width  is  a  decided  function  of 
temperature  and  evidently  depends  as  well  on  impurity 
content  and/or  other  factors.  By  contrast,  this  blue 
luminescence  is  apparently  much  less  sensitive  to 
whether  the  sample  is  crystalline  or  glassy. 


The  temperature  dependence  of  the  y-ray  stimulated 
blue  radioluninesce  measured  by  Mattern  et  al.  is 
illustrated  in  Fig.  9.  These  authors  showed  that  the 
quenching  of  the  luminescence  with  increasing  temper¬ 
ature  is  consistent  with  a  classical  luminescence  model 
involving  a  thermally  activated  nonradiative  decay 
mechanism  in  competition  with  the  radiative  channel(s). 
Mattern  et  al.4  argued  that  the  blue  luminescence  is 
almost  certainly  a  superposition  of  several  bands,  so 
that  the  apparent  shift  to  higher  energies  with  in¬ 
creasing  temperature  would  be  accounted  by  lower  acti¬ 
vation  energies  for  quenching  of  the  lower  energy  com¬ 
ponents.  Similar  shifts  and  thermal  quenching  effects 
were  observed  by  Sigel  and  Griscom7!.72  for  thc  trans¬ 
ient  luminescence  in  field-swept  Sawyer  quartz  (Fig.  8a). 
Therefore  the  blue  transient  luminescence  and  the  blue 
radioluminescence  probably  have  the  same  origin. 

Mattern  et  al.^  noted  that  the  blue  radioluminescence 
was  a  factor  of  50  more  intense  in  a  synthetic  quartz 
sample  than  in  a  specimen  of  natural  Brazilian  quartz. 
The  latter  fact  can  not  yet  be  interpreted  since  the 
impurity  contents  of  the  samples  were  not  determined. 
Possible  origins  of  the  blue  luminescence  will  be  con¬ 
sidered  in  later  sections. 


The  UV  Luminescence.  Several  weak  e-beam  stimu¬ 
lated  luminescence  bands  in  the  ultra  violet  region 
were  originally  reported  in  fused  silica  by  Mitchell 
and  Denure^  (Fig.  8d).  Recently,  Jones  and  EmbreelO 
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Fig.  8  Luminescence  emission  in  Che  visible  and  UV 
from  a  -quartz  (a,b)  and  fused  silica  (c,d) 
as  stimulated  by  pulsed  (A,c)  or  steady  state 
(b,d)  irradiation.  (Data  of  (a)  and  (c)  from 
Ref.  11  and  12;  (b)  from  Refs.  4  and  10;  (d) 
from  Refs.  9  and  10.) 


observed  a  more  intense  band  centered  near  4.3  eV  in 
silica  glass  samples  which  had  been  neutron-irradiated 
to  a  high  fluence  (*'»  1018  fast  neutrons/cra?)  (Fig.  8d). 
A  similar  neutron-induced  band  was  found  in  a  -quartz 
at  a  slightly  higher  energy  (Fig.  8b).  Jones  and 
EmbreelO  identified  these  bands  witli  oxygen  vacancies 
by  finding  a  positive  correlation  between  their  in¬ 
tensities  and  the  concentrations  of  Ej '  centers  in  the 
irradiated  samples  and  also  by  establishing  a  positive 
correlation  between  a  4.3  cV  band  and  the  degree  of 
chemical  reduction  in  SiO?  films  grown  on  silicon. 

Sigel  and  Crlscom11  had  also  observed  a  transient 
luminescence  band  near  4.3  eV  (Fig.  8c),  but  they  only 
observed  this  UV  band  in  one  of  the  several  fused 
silica  samples  which  they  studied.  This  particular 
sample  was  Coming  7943,  a  low-OH  silica  which  is  fired 
in  H2  on  a  graphite  mandrel  in  the  final  stage  of 


Fig.  9  "3-D”  plot  of  luminescence  emission  from 

synthetic  a  -quartz  as  stimulated  by  steady 
state  y-irradiation.  (After  Ref.  4.) 


Fig. 10  Luminescence  emission  from  a  -quartz  in  the 
vacuum  UV  as  stimulated  by  steady  state 
irradiation  by  2.5  MeV  electrons,  (After  Ref. 
46.) 


manufacture.4*  Friebele  et  al.45  showed  by  counting 
E'  center  yields  that  Coming  7943  contains  8-25  times 
more  oxygen  vacancies  as-manufactured  than  other  com¬ 
mercial  silicas.  The  case  for  associating  the  4.3  eV 
emission  band  with  oxygen  deficiency  therefore  seems 
complete. 

The  Vacuum-UV  Luminescence.  Treadway  et  al.4* 
studied  the  cathodoluminescence  response  of  a  number  of 
materials  including  a  -quartz  and  high  purity  fused 
silica  under  irradiation  by  2.5  MeV  electrons  in  the 
dose  rate  regime  6  x  103  -  1.5  x  10$  rad/sec.  They 
found  (Fig.  10)  an  intense  luminescence  band  at  6.7  eV 
(185  nm)  whose  intensity  scaled  linearly  with  dose 
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rate,  as  veil  as  a  cuch  weaker  band  near  4.3  eV  cor 
responding  to  e!ie  UV-lualnescer.ce  described  above.  The 
efficiency  of  converting  the  deposited  energy  into 
vacuua-UV  lualnesccnce  u,i3  determined  to  be  3  x  10*3 
for  quartz  and  9  x  10“*  for  silica  glass.  The  lifctiac 
of  the  6.7  eV  luminescence  was  less  than  1  asec. 

Tine  Resolution 

Typical  decay  curves  for  the  blue  luminescence 
in  a  -quartz  and  fused  silica  following  3-nscc  pulses 
of  500  keV  electrons  are  shown  in  Fig.  11.3f»12  it 
can  be  seen  that  in  a  -quartz  each  decay  curve  can  be 
reasonably  well  characterized  by  a  single  exponential 
decay  constant  T,  which  is  only  weakly  dependent  on 
temperature.  The  relative  quantum  efficiency  is  seen 
to  fall  off  rapidly  above  77K,  however.  3y  contrast, 
a  wide  varlecy  of  fused  silica  samples  all  exhibit 
complex  decay  curves  which  arc  evidently  due  to  a  wide 
range  of  decay  tines.  Relative  to  quartz,  the  quantum 
efficiencies  of  the  glasses  are  low,  even  at  liquid 
helium  temperature. 

In  Fig.  11,  the  curvature  exhibited  by  the  plots 
of  log  (luminescence  intensity)  vs.  time  for  the  glass¬ 
es  proves  to  be  a  distinct  advantage  when  one  addresses 
the  problem  of  attempting  to  correlate  the  transient 
luminescence  bands  with  individual  transient  absorption 
bands.  The  logic  is  as  follows.  If  the  luminescence 
arises  from  efficient  electron-hole  recombination  at  a 
given  color  center  then  one  quantum  of  luminescence 
will  be  emitted  for  one  color  center  destroyed;  in 
effect,  the  decay  of  the  luminescence  would  then  be 
constrained  to  follow  the  time  derivative  of  the  decay 
of  the  absorption.  For  quartz,  where  a  single  decay 
constant  Is  exhibited,  this  outcome  Is  trivial:  the 
derivative  of  a  simple  exponential  is  another  expo- 
entlal  with  the  same  decay  constant.  But  for  the 
glasses,  where  the  transient  absorption  decays  with 
approximately  the  same  curvature  as  the  lualnesccnce 
on  the  semilog  plots, 11.12  the  time  derivative  of  the 
absorption  is  a  dramatically  different  curve  (Fig.  12). 
On  this  basis  It  can  inmedlatelv  be  concluded11 >12  that 
the  blue  transient  luminescence  in  Corning  7940  and 
7943  fused  silicas  is  not  the  primary  result  of  elec¬ 
tron-hole  recombination  at  E'  center  sites  (the  defects 
giving  rise  to  the  absorptions  in  the  range  210-230  nm). 
The  decay  of  transient  E'  centers  in  these  silicas  is 
therefore  primarily  nonradiative  and  the  blue  lumin¬ 
escence  is  only  cryptically  related  to  the  disappear- 
ence  of  these  centers.  On  the  other  hand,  the  much 
more  rapid  decay  of  the  4.3  eV  (300  nm)  luminescence  in 
7943  closely  tracks  the  time  derivative  of  the  absorp¬ 
tion  in  the  E'  region  (see  Fig.  12,  upper).  Whence  in 
7943 — but  not  in  7940— a  large  number  of  £  '  centers  are 
decaying  radiatively  with  high  quantum  efficiency, 
giving  rise  to  a  4.3  eV  emission.  Since  this  1JV 
luminescence  (sec  above)  has  been  well  identified  with 
oxygen  deficient  materials,  or  with  neutron-bombarded 
materials  where  oxygens  are  presumed  to  have  been 
displaced  many  lattice  spacings,  the  time  resolved  data 
permit  the  explicit  conclusion  that  the  4 ■ 3  eV  lumin¬ 
escence  results  from  the  annihilation  of  E  centers 
at  the  sites  of  Isolated  oxygen  vacancies. 

Photolumlncscence 

Although  photoluminescence  due  to  impurities  in 
SiOj  is  well  known,  there  have  been  few  reports  of 
light-stimulated  luminescence  in  high  purity  quartz 
and  fused  silica,^^^  However,  unpublished  work 
by  Sigel49  has  shown  that  field-swept  Sawyer  quartz 
and  all  commercially  available  high  purity  fused 
silicas  ( $ 1Z  total  cationic  impurities)  exhibit  an 
intense  blue  luminescence,  essentially  identical  to 
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Fig. 11  Time  decay  of  transient  blue  luminescence  in 
a -quartz  and  fused  silica  following  pulsed 
irradiation  by  500  keV  electrons.  (After 
Ref.  11.) 


that  described  above,  when  stimulated  by  near  ultra¬ 
violet  light  at  temperatures  £  77  K.  The  excitation 
spectrum  for  this  blue  luminescence  peaks  near  4.2 
eV.1^  Preliminary  indications^9  are  that  this  lumin¬ 
escence  is  of  roughly  the  same  intensity  in  both  o - 
quartz  and  fused  silica  and  that  this  intensity  in¬ 
creases  steadily  with  exposure  to  UV  light  over  time 
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Fig. 12  Tine  decay  of  transient  absorption  and  lumines¬ 
cence  In  two  different  fused  silicas  following 
pulsed  Irradiation  by  500  keV  electrons. 

(Kote  different  time  scales.)  (After  Ref.  11.) 


periods  a.  10  houts.  The  intensity  of  this  blue  photo- 
luminescence  was  not  significantly  changed  In  silica 
samples  deliberately  doped  with  alkalis,  aluminum,  or 
germanium. 

Slgel1^  also  described  a  separate  photolumlnes- 
ccnce  spectrum  which  could  be  Induced  in  fused  silica 
by  2  MeV  electron  bombardment  at  cryogenic  temperatures. 
The  excitation  spectrum,  centered  near  4,9  eV,  was 
broad  and  somewhat  structured,  whereas  the  emission  was 
quite  sharp  and  occurred  in  the  red  at  1.9  eV. 

Gee  and  Kastner*®  have  very  recently  discovered  an 
additional  photoluminescence,  emitting  In  a  broad  band 
peaking  near  4.3  eV  (but  extending  below  3eV)  In  two 
unlrradiatcd  high  purity  fused  silicas,  Suprasil  1 
having  a.  1200  ppm  OH  and  Suprasil  W1  having  a.  io  ppm 
OH.  The  excitation  spectrum  fell  in  the  vacuum-ultra¬ 
violet,  peaking  near  7.6  eV.  Irradiation  by  10*®  fast 
neutrons/cn^  gave  rise  to  a  sharp  emission  band  O'.  0.5 
eV  full  width)  near  4.4  eV  which  was  a.  20  times  more 
intense  than  the  band  in  the  unlrradlated  materials. 


Neutron  Irradiation  broadened  the  excitation  spectrum 
and  caused  a  slight  shift  O'.  0.2  eV)  of  Its  center  of 
gravity  toward  lower  energies.  Based  on  the  discussion 
just  above,  it  seems  likely  that  the  4.3  eV  lumines¬ 
cence  observed  by  Gee  and  Kastner  in  the  neutron- 
irradiated  silicas  arises  from  the  excitation  and 
radiative  recombination  of  electron-hole  pairs  at  the 
sites  of  isolated  oxygen  vacancies. 


Discussion 

Previous  sections  have  (1)  summarized  what  is 
known  of  the  natures  of  point  defects  in  a  -quartz 
based  on  ESR  studies,  (2)  presented  the  results  of  an 
investigation  of  transient  optical  absorption  in  a  - 
quartz  and  fused  silica,  and  (3)  reviewed  and  briefly 
discussed  a  wide  variety  of  luminescence  data  obtained 
for  these  materials.  It  should  be  evident  that  the 
various  optical  spectroscopic  data  are  at  the  same 
time  too  complex  to  be  explained  by  any  simple  theory 
and  yet  insufficient  to  support  highly  elaborate 
constructions.  Mindful  of  the  difficulties,  the  pre¬ 
sent  section  will  endeavor  to  knit  together  as  best 
as  possible  the  various  results,  highlighting  those 
conclusions  which  seem  quite  firm  and  going  on  to  pro¬ 
pose  a  range  of  possible  explanations  for  the  remaining 
phenomena. 

Spectroscopy  of  Isolated  Oxygen  Vacancies 

The  occurrence  of  the  E'  center,  and  its  associ¬ 
ated  optical  band  at  a,  5.85  eV,  has  been  correlated 
with  the  presence  of  oxygen  vacancies  in  both  u  -quartz 
and  fused  silica  (see  section  on  defects).  This  in¬ 
trinsic  defect  and  its  optical  signature  can  be  in¬ 
creased  by  orders  of  magnitude  by  making  materials  that 
are  oxygen  deficient  or  by  displacing  atoms  by  neutron 
bombardment.  As  discussed  above,  a  cathodolumlnesccnce 
band  at  4.3  eV  has  also  been  correlated  with  the  pre¬ 
sence  of  oxygen  vacancies  (the  fact  that  this  band  is 
particularly  intense  in  oxygen  deficient  materials 
shows  that  it  is  not  associated  with  the  oxygens  dis¬ 
placed  during  neutron  irradiation).  Moreover,  by  time 
resolved  spectroscopy  (Fig.  12)  the  4.3  eV  luminescence 
has  been  explicitly  tied  to  the  radiative  recombination 
of  electrons  and  holes  at  E'  sites.  These  firm  results 
permit  some  relatively  speculation-free  modeling. 

The  consensus  among  workers  is  that  the  Ej  '  center 
results  from  the  trapping  of  a  hole  at  a  neutral  oxygen 
vacancy,  as  in  Fig.  6a.  The  two  electrons  initially  In 
the  silicon  orbitals  projecting  into  the  vacancy  un¬ 
doubtedly  occupy  an  energy  level  in  the  band  gap;  it  is 
a  reasonable  assumption  Chat  this  level  lies  within  a 
few  eV  of  the  valence  band  edge  (Fig.  13,  left)  and 
that  there  are  optical  transitions  associated  with  this 
state.  Judging  from  the  vacuum-UV  spectrum"  of  Corn¬ 
ing  7943,  these  transitions  begin  near  and  above  6  eV, 
Tills  justifies  the  very  approximate  placement  of  the 
doubly  occupied  level  in  Fig.  13.  It  is  known  that 
when  one  of  the  electrons  Is  removed  an  E]/  center 
results,  with  the  remaining  electron  being  trapped  on 
just  one  of  the  two  silicons.  The  theory  of  Feigl, 
Fowler,  and  Yip, 33.34  now  widely  accepted,  says  that 
the  other  silicon  (labeled  II  ip.  Fig.  13)  relaxes  into 
the  plane  of  the  three  oxygens  to  which  it  is  bonded. 
The  state  which  terminates  the  5.85  eV  optical  trans¬ 
ition  has  never  been  specified.  It  is  suggested  here 
that  this  transition  is  due  to  charge  transfer  from 
Six  to  Sill  in  Fig.  13.  The  unfilled  silicon  3p 
orbital  on  Sijx  should  at  any  rate  have  a  substantially 
higher  energy  than  the  S£3  orbital  on  Sii,  since  for 
the  free  SI  atom  the  3s  state  lies  a.  5  eV  below  the  3p. 
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Fig. 13  Proposed  model  for  optical  absorption  and 

luminescence  at  the  sites  of  isolated  oxygen 
vacancies  in  a  -quartz  and  fused  silica. 

Actual  placement  of  the  ground-state  defect 
levels  within  the  band  gap  is  uncertain,  al¬ 
though  the  model  requires  the  unfilled  state 
cm  Slxi  to  fall  below  the  conduction  band  edge. 
Note  that  the  steric  representation  assumes 
Sin  lies  at  the  center  of  a  triangle  of  oxy¬ 
gens  viewed  edge-on.  Crosshatched  arrow 
represents  a  radiationless  transition. 


The  enormous  transient  absorption  induced  in  Ct  - 
quartz  and  fused  silica  by  pulsed  electron  bombardment 
has  been  previously  ascribed  to  "transient  bond  break- 
age?!!*12  However,  if  one  accepts  the  present  model 
for  the  mechanism  by  which  the  E'  center  absorbs  light, 
i.c.,  the  Sly  *  S1n  charge  transfer  mechanism  illus¬ 
trated  in  Fig.  13.  then  the  transient  E'  centers  in 
in  a  -quartz  must  arise  not  merely  from  transient  bond 
breakage  but  from  transient  oxygen  vacancies.  While 
such  a  suggestion  has  a  decidely  ad  hoe  quality,  its 
plausibility  is  enhanced  by  several  other  recent  obser¬ 
vations:  (1)  The  peroxy  linkage,  or  substitutional 
unit  appears  to  be  a  stable  neutral  defect  in  S10299,4! 
— a  defect  which  is  the  complement  of  the  neutral  oxy¬ 
gen  vacancy.  (2)  It  has  been  found  that  a -quartz  can 
be  completely  aDorphlzed  by  sufficient  exposure  to  20 
keV  electrons  in  an  electron  microscope-4 — showing  that 
atoms  can  be  rearranged  by  ionizing  processes  not 
sufficiently  energetic  to  actually  break  bonds.  (3)  The 
ubiquitous  blue  photolunincscencc  (4.2  eV  peak  exal¬ 
tation)  can  be  enhanced  by  prolonged  UV  irradiation  in 
both  crystalline  a  -quartz  and  glassy  fused  silicas  of 
the  highest  purities.49  In  view  of  observation  (1),  the 
mechanism  for  (2)  and  (3)  could  be  a  stimulated  "tun¬ 
nelling"  of  a  neutral  oxygen  from  a  normal  lattice  site 
onto  an  immediately  adjacent  02~  site  where  it  would 
form  a  metastable  O22-  "crowd  ion".  This  is  the 
specific  model  of  a  transient  oxygen  vacancy  envisioned 
here. 

Models  for  Transient  Processes  in  a  -Quartz  and  Fused 
Silica 


Sigel*2  has  found  that  illuminating  into  the  5.85 
eV  band  produces  neither  photocurrent  nor  photo- 
luminescence.  Thus  it  is  certain  that  the  state  which 
terminates  the  5.85  eV  transition  is  not  the  same  as 
the  state  that  originates  the  4.3  eV  luminescence.  It 
is  therefore  postulated  here  that  the  luminescence 
originates  from  an  exciton  state  that  finds  the  elect¬ 
ron  in  a  diffuse  hydrogenic  orbit  about  the  trapped 
hole  (tx'  center).  Calling  next  to  mind  the  photo- 
luminescence  results  of  Gee  and  Kastner4®  for  neutron 
Irradiated  silica,  it  is  inviting  to  suggest  that  the 
7.4  eV  excitation  spectrum  is  In  fact  the  excitation 
of  an  exciton  at  the  site  of  a  neutral  oxygen  vacancy 
(Fig.  13,  left).  The  4.3  eV  luminescence  would  then 
follow  (after  structural  relaxation  in  the  ground  state 
of  the  hole)  as  Illustrated  to  the  right  of  Fig.  13. 
(Note  that  the  energy  of  an  electron  in  the  dangling 
3p  orbital  of  Sin  clearly  must  depend  on  whether  or 
not  there  is  an  electron  in  the  opposing  orbital  on 
Six,  since  the  two  electrons  can  lower  their  energy 
by  forming  a  bond.) 

Transient  Absorption  by  E'  Centers 

Based  on  the  foregoing  discussion,  the  transient 
optical  absorption  induced  in  the  5.8  eV  region  can  be 
due  to  the  momentary  trapping  of  holes  at  isolated 
oxygen  vacancies  in  materials,  such  as  Corning  7943, 
which  are  oxygen  deficient.  Indeed,  the  number  of 
preexisting  oxygen  vacancies  in  7943  estimated97 ,45 
from  the  yield  of  permanent  Ex'  centers  after  a  Y-ray 
do3e  of  108  rad  is  of  the  same  order  as  the  number 
density  of  ionizations  per  electron  pulse  (n>  5  x  1017 
era-9)  ip  the  present  experiment,  assuming  with  Hughes9 
a  figure  of  30  eV  per  ionization.  On  the  other  hand, 
the  estimate  made  above  of  the  number  of  transient  E' 
centers  induced  per  pulse  in  field-swept  Sawyer  quartz 
O'-  2.5  x  1016  cra-3)  is  probably  well  in  excess  of  the 
number  of  isolated  oxygen  vacancies  preexisting  in  this 
material.  Weeks92  has  measured  ■v  1016  E2'  centers/cra9 
in  synthetic  quartz  crystals  only  after  a  Y-ray  dose  of 
2  x  109  rad. 


Within  the  framework  of  the  concepts  outlined 
above,  the  blue  (2.8  eV)  luminescence  could  conceivably 
arise  at  the  sites  of  022-  peroxy  linkages.  The  elec¬ 
tronic  structure  of  O20,  O2-,  and  022-  is  well  known 
and  is  approximately  illustrated  in  Fig.  14,  where  the 
O22"  and  62“  species  are  assumed  to  be  Incorporated 
into  Si02  as  defects.  The  7.6  eV  optical  transition 
for  O2"  in  silica  has  been  directly  demonstrated4!  and 
the  4.7  eV  transition  has  been  inferred  from  ESR  data£! 
In  Fig.  14,  the  energy  levels  for  the  di-oxygen  species 
have  been  adjusted  with  respect  to  the  energy  bands  of 
Si02  on  the  simple  basis  of  the  observed  stability  of 
these  species  in  that  medium;  this  stability  constrains 
the  highest  filled  orbitals  of  the  embedded  O22"  to  lie 
not  far  above  the  valence  band  edge.  (Note  that  the 
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Proposed  registration  of  the  electronic  energy 
levels  of  embedded  022-  and  O2-  molecular  ions 
with  the  band  structure  of  silicon  dioxide. 
Assignment  of  the  2.8  eV  photoluminescence  to 
the  O22-  species  has  not  been  demonstrated. 
Crosshatched  arrow  represents  a  radiationless 
transition. 
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band  structure  of  o -quartz  has  been  reasonably  well 
established;  for  a  review,  see  Ref.  50.)  In  the  pre¬ 
sent  view,  a  transient  C>2^~  population  might  result 
from  many  forms  <f  low  energy  irradiation,  including 
photons  of  energies  £  5  eV. 


As  of  this  writing,  the  origin  of  the  2.8  eV 
luminescence  must  still  be  regarded  as  an  open  ques¬ 
tion,  the  model  of  Fig.  14  being  but  one  possibility. 
Other  models  for  the  blue  luminescence  and  also  for 
Che  6.7  eV  emission  are  suggested  in  Fig.  15.  At  the 
left  of  this  figure  is  a  stylized  portrayal  of  the 
structure  of  the  perfect  quartz  lattice.  Figure  15b 
represents  the  ionization  of  an  Si-O-Si  bond,  leaving 
a  hole  In  the  bonding  orbital  and  a  mobile  electron 
high  in  the  conduction  band.  According  the  Hughes,’ 
these  electrons,  which  give  rise  to  a  radiation- 
induced  conductivity  (RIC),  decay  into  bound  states  or 
Craps  within  *v>  5-30  nsec.  The  decay  times  of  this 
"fast"  R1C  are  evidently  related  to  the  impurity  con¬ 
tents  of  the  materials.  According  to  the  work  of 
Sigel  and  Griscom,11*13  there  next  follows  a  process  or 
processes  with  decay  times  'V  1  nsec  in  a  -quartz; 
shorter  times  n,  1-500  psec  observed11*13  for  silica 
glass  may  result  from  the  broad  distribution  of  two- 
level  configurational  systems  which  are  evidently 
intrinsic  to  the  glassy  state  (e.g.,  Ref  51).  The 
present  paper  suggests  a  specific  two-level  system, 
the  oxygen  vacancy-peroxy  linkage  intimate  pair,  as 


possibly  being  responsible  for  the  transient  phenomena 
which  take  place  in  a  -quartz  on  a  tine  scale  ■v  1  nsec 
(Fig.  15c).  Alternatively,  these  "intermediate  life¬ 
time"  processes  nay  have  their  rates  determined  by 
shallow  trapping  of  electrons  at  impurity  sites  (Fig. 
15d),  the  decay  of  mobile  excitons  (Fig.  15e),  or  the 
diffusion  of  mobile  holes  to  impurity  recombination 
sites.  The  fact  that  the  decay  tine  of  the  blue 
luminescence  in  quartz  Is  so  weakly  dependent  on 
temperature  (Fig.  11)  tends  to  argue  against  a  ther¬ 
mally  activated  hopping  mechanism  as  the  rate-determin¬ 
ing  process,  however. 

It  is  of  course  well  known  that  transient  frequen¬ 
cy  offsets  and  delayed  conductivity  phenomena  occur  in 
quartz  crystal  oscillators  on  a  "slow"  time  scale  s,  1- 
1000  sec.  The  annealing  of  the  induced  frequency  off¬ 
set  is  believed1  to  result  from  tie  diffusion-limited 
recombination  of  hydrogen  atoms  at  the  sites  of  [A2e+]° 
traps;  this  belief  receives  support  from  the  obser¬ 
vation  by  Flanagan  and  Vfrobel33  of  t  transient  optical 
absorption  in  the  A-band  region,  decaying  with  a  time 
constant  £  1  sec.  The  delayed  conductivity  in  unswept 
crystals  appears  to  be  due  to  motions  of  alkali  ions 
in  the  c-axis  channels."  A  major  objective  of  the 
present  paper  has  been  to  shed  new  light  on  those 
radiation-induced  processes  which  take  place  In  a  - 
quartz  on  the  "intermediate"  time  scale  of  “v  10”6  - 
10-3  sec. 
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Fig. 15  Proposed  models  for  transient  processes  in 

silicon  dioxide.  Several  possible  origins  for 
the  observed  luminescences  at  2.8  and  6.7  eV 
are  suggested.  Transient  E'  center  formation 
envisioned  In  (c)  involves  an  oxygen  vacancy  - 
peroxy  linkage  intimate  pair  (see  text).  Cross- 
hatched  arrows  represent  radiationless  trans¬ 
itions. 
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A  HIGH-SENSITIVITY  AC  DILATOMETER  FOR  THE  DIRECT  MEASUREMENT 
OF  VIEZO ELECTRICITY  AND  ELECTROSTRICTIOS 


Xenji  Uchino  and  Leslie  E.  Cross 
Materials  Research  Laboratory,  The  Pennsylvania  State  University 
Uni-'ersity  Park,  Pennsylvania 


Summary 

A  capacitance  type  dilatometer  has  been  con¬ 
structed  which  is  capable  of  resolving  low  frequency 
AC  linear  displacements  of  10~33  caters  (0.G01A)  and 
can  be  used  for  the  direct  measurement  of  piezoelec¬ 
tric  and  electrostrictive  deformations. 

The  sensing  clement  of  the  dilatometer  system 
is  a  parallel  plate  capacitor  with  sputtered  plati¬ 
num  electrodes  supported  on  fused  silica  optical 
flats.  Changes  of  plate  separation  are  sensed  by 
the  associated  change  in  dielectric  capacitance 
which  in  monitored  by  a  capacitance  bridge.  Slow 
drift  in  the  capacitance  due  to  thermally  induced 
changes  in  the  plate  separation  are  reduced  to  an 
equivalent  plate  separation  change  of  less  than 
10.002^/mlnute  by  a  DC  servo  actuated  by  the  bridge 
unbalance  signal  which  corrects  the  capacitor  plate 
position  through  ceramic  piezoelectric  PZT  pushers. 


For  AC  measurement,  one  plate  of  the  dilato¬ 
meter  is  driven  along  the  axis  of  the  capacitor  at 
a  frequency  of  14  Hz  by  a  standard  piezoelectric 
quartz  crystal.  The  second  plate  of  the  sensing 
capacitor  is  driven  in  phase  at  the  same  frequency 
by  the  piezoelectric  or  electrostrictor  of  interest. 
A  narrow  band  phase  locked  decectcr  isolates  and 
amplifies  the  14  Hz  signal  detected  in  the  unbalance 
output  of  the  bridge  detector.  By  adjusting  the 
magnitudes  of  the  AC  voltage  applied  to  the  standard 
and  the  unknown  crystals  to  produce  a  null  response 
at  14  Hz,  the  electromechanical  constants  of  the 
two  crystals  can  be  compared  with  very  high  preci¬ 
sion. 

Some  examples  are  given  of  piezoelectric  and 
electrostrictive  crystals  and  ceramics  which  have 
been  measured  on  the  Instrument. 

Introduction 

Electrostrlctlon  which  is  the  basic  electro¬ 
mechanical  coupling  in  all  non-piezoelectric  solids 
is  at  present  very  poorly  understood.  There  are 
few  reliable  data  for  the  separate  components  of 
the  electrostrlctlon  tensor  even  in  simple  solids, 
and  there  is  no  theory  uhich  is  adequate  even  for 
alkali  halide  crystals.  Experimentally,  the  diffi¬ 
culty  is  clearly  associated  with  the  very  small 
magnitude,  of  the  electrostrictive  strains  even  at 
the  highest  possible  field  levels  in  simple  low 
permittivity  solids.  Theoretically  the  absence  of 
well  authenticated  experimental  values  has  certainly 


been  a  major  disincentive  to  development  and  none  of 
the  present  theories  is  viable. 

The  instrument  described  in  this  paper  has  been 
designed  to  resolve  AC  linear  displacements  of  lO'1^ 
meters  (10-3  X)  and  to  permit  the  precise  measure¬ 
ment  of  the  very  small  electrostrictive  strains  in 
low  permittivity  solids.  (The  work  is  a  preliminary 
part  of  a  larger  program  in  the  Materials  Research 
Laboratory  which  focuses  upon  both  the  experimental 
measurement  and  the  theoretical  description  of  elec- 
trostriccion.)  The  AC  differential  capacitance 
dilatometer  which  has  been  constructed  is  baaed  upon 
an  early  design  by  Bohaty  and  Haussiihl.^ 

In  this  paper,  the  principle  of  the  capacitance 
dilatometer  is  described  first,  the  DC  servo  stabi¬ 
lization  of  the  sensing  capacitor  which  is  the  key 
to  improved  stability  and  sensitivity  discussed, and 
the  experimental  arrangement  detailed.  The  develop¬ 
ment  of  a  unique  new  AC  calibration  capacitor  is 
briefly  described  and  finally  some  examples  are 
given  of  piezoelectric  and  electrostrictive  crystals 
and  ceramics  which  have  been  measured  on  the  instru¬ 
ment. 

Design  of  the  Capacitance  Dilatometer 

The  scheme  of  the  dilatometer  is  shown  in  Fig.l. 
The  strain  sensing  capacitor  consists  of  two  plati¬ 
num  sputtered  fused  silica  plates  (2"  diameter).  The 
electrostrivtive  lor  piezoelectric)  sample  plated 
with  sputtered  platinum  electrodes  is  rigidly  mech¬ 
anically  connected  through  an  Insulating  lucite 
support  to  the  right  plate  of  the  sensing  capacitor. 
If  the  sample  crystal  is  driven  electrically,  the 
right  plate  will  be  excited  mechanically  through  the 
electrostrictive  (or  piezoelectric)  strain  generated 
In  the  crystal.  A  standard  piezoelectric  crystal  is 
mounted  in  a  similar  manner  so  that  the  plezoelec- 
trlcally  generated  strain  is  communicated  to  the 
left  plate.  Since  the  sensing  capacitance  C  is  given 
by 

C  ■  t  J  (1) 

where  t  is  the  permittivity  of  air  at  atmospheric 
pressure,  A  the  plate  area,  and  t  the  separation, 
the  capacitance  change  AC  associated  with  a  small 
change  in  i  (At)  will  be  given  by 

AC  -  (-^)Ai  -  KAi  (2) 
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If  the  electrostrictivc  and  the  piezoelectric 
standard  crystals  are  driven  with  AC  voltages  at 
frequencies  of  w  and  2a,  both  capacitor  places  will 
be  excited  mechanically  at  a  frequency  of  2a.  When 
the  phase  and  amplitudes  of  the  electric  fields  of 
both  crystals  are  suitably  chosen,  the  capacitor 
plates  will  vibrate  in  exact  synchronism  producing 
a  net  zero  modulation  of  the  separation  and  thus  of. 
the  capacitance  at  2u.  Figure  2  shows  the  crystal 
deformations  in  the  piezoelectric  standard  and  the 
electrostrictive  sample  at  the  null  condition. 
Clearly,  if  this  null  condition  can  be  precisely 
established,  then  from  the  AC  voltages  applied  to 
both  crystals,  their  known  dimensions  and  the  piezo¬ 
electric  coefficient  of  the  standard  crystal  (quartz) 
the  unknown  electrostrictive  coefficient  can  be  cal¬ 
culated.  For  the  piezoelectric  sample  the  situation 
is  slightly  different. 

A  simple  block  diagram  of  the  full  measuring 
system  is  given  in  Fig.  3.  The  components  of  the 
mechanical  circuit  (a,b,c,d)  are  identical  in  prin¬ 
ciple  to  those  used  by  Bchaty  and  Haussuhl.^  How¬ 
ever,  to  sense  and  control  the  capacitor  (b,c)  a 
General  Radio  1620  capacitance  measuring  assembly 
is  used  (j,k,l).  To  obtain  maximum  sensitivity, 
the  capacitance  bridge  is  operated  at  a  frequency 
of  5  kHz,  the  standard  piezoelectric  crystal  is 
driven  at  14  Hz  and  the  electrostrlctor  under  study 
at  7  Hz.  The  phase  locked  detector  is  locked  to 
the  14  Hz  driving  oscillator. 

DC  Servo  Stabilization 

Obviously  the  sensitivity  constant  K  in  Eq  (2) 
can  be  made  very  large  if  the  separation  4  can  be 
made  very  small.  In  a  practical  system,  however,  a 
limiting  value  of  l  is  set  by  slow  dimension  changes 
due  to  thermal  drift.  Even  though  the  mechanical 
support  for  the  sensing  capacitor  is  made  from  super 
invar  with  a  very  small  thermal  expansion  coeffici¬ 
ent  (5  0.3  x  10~°  deg“l),  and  the  assembly  is  put 
into  a  chamber  controlled  to  ±0.04*0,  thermal  di¬ 
mension  changes  are  still  very  much  larger  than  the 
electrostrictive  displacements  Induced  at  tolerable 
fields,  and  would  take  the  bridge  detector  well  out 
of  its  linear  range.  To  overcome  this  problem,  a 
DC  output  from  the  phase  locked  bridge  detector  is 
used  to  operate  a  Burleigh  KC42  servo  amplifier 
which  actuates  three  parallel  piezoceramic  mechani¬ 
cal  actuators  made  of  PIT  controlling  the  static 
plate  separation  (he). 

Instrument  Examinations 
Servo-Positioner  Check 

After  the  system  has  stabilized  for  some  four 
hours,  the  DC  servo  system  is  disabled  and  the  in¬ 
trinsic  drift  rate  of  the  capacitance  determine! 
by  measuring  the  bridge  unbalance  signal  as  a  func¬ 
tion  of  time  (Fig.  4).  By  rebalancing  the  bridge 
periodically  the  capacitance  increment  for  a  given 
unbalance  voltage  can  be  determined,  and  from  the 
AC  a  corresponding  ’>  can  be  calculated.  It  is 
evident  from  Fig.  4  that  without  compensation  the 
drift  rate  corresponds  to  a  piste  separation  change 
of  1  A/minute.  Maintaining  the  same  conditions, 
the  DC  servo  is  now  turned  on,  and  at  the  same  gain 


setting  no  drift  is  discernible.  Turning  the  gain 
up  by  a  factor  of  100,  however,  (Fig.  4,  right-hand 
scale)  it  is  evident  that  the  drift  rate  now  corres¬ 
ponds  to  a  linear  dimension  change  of  O.OOlA/minute. 


Resolution  Check 


To  check  the  AC  sensitivity  the  standard  quartz 
crystal  was  driven  by  a  Wavetek  Model  142  oscillator 
at  14  Hz.  With  30  volts  rms  applied  to  the  bridge, 
the  lock-in  output  as  a  function  of  voltage  applied 
to  the  quartz  crystal  is  given  in  Fig.  5.  The  linear 
relation  expected  for  a  piezoelectric  is  clearly 
evident.  Right-hand  scale  shows  the  actual  deforma¬ 
tion  of  the  quartz  crystal  in  A  rms,  calculated  by 
use  of  the  absolute  calibrator  that  will  be  dis¬ 
cussed  later.  The  experimental  error  is  much  small¬ 
er  than  the  solid  circles  and  is  about  ±0.1  mV,  which 
corresponds  to  ±10“3  A.  This  value  is  the  smallest 
resolvable  increment  at  present.  Taking  the  quartz 


thickness  value  of  4  =  5.45  raa,  the  resolvable  in- 


cremon^corresponds 


to  the  resolvable  strain  A4/Z  “ 


Further  Checks 

The  lock-in  output  for  a  fixed  value  of  drive 
voltage  to  the  quartz  standard  (10.8  V  rms)  was  re¬ 
corded  as  a  function  of  capacitor  plate  separation 
(Fig.  6)  and  of  voltage  applied  to  the  capacitance 
bridge  (Fig.  7).  If  the  measured  signal  comes  only 
from  the  capacitance  bridge  unbalance,  this  should 
scale  linearly  with  the  square  of  capacitance  and 
with  the  bridge  oscillator  voltage  as  is  evident  in 
Fig3.  6  and  7.  A  slight  anomaly  observed  at  110  pF 
in  Fig.  6  is  caused  by  the  sensitivity  dial  change 
of  the  capacitance  bridge. 


AC  Calibration  Capacitor 


We  have  described,  so  far,  a  system  in  which 
the  known  piezoelectric  coefficient  of  a  standard 
quartz  crystal  has  been  used  to  calibrate  the  AC 
voltage  output  in  terms  of  a  calculated  plate  sep¬ 
aration  change.  We  propose  a  different  way  of 
deriving  the  sensitivity  by  using  a  very  small  3- 
terminal  variable  air  capacitor  which  can  be  driven 
at  low  AC.  Figure  8  shows  the  principle  of  the 
absolute  calibrator  using  an  alternating  capacitance. 
Vhpf  the  capacitor  plate  is  driven  mechanically  by 
the  elect romechnnically  generated  strain  in  the 
crystal  (I),  the  capacitance  bridge  output  (5  kHz) 
is  modulated  at  14  Hz  as  In  the  boLtom  figure.  If 
we  use  the  small  alternating  capacitance  connected 
in  parallel  to  the  sensing  capacitor  instead  of 
driving  the  sample  (II),  the  same  order  of  modulated 
output  can  be  established.  If  we  measure  the  lock- 
in  output  bv  driving  this  alternating  capacitance, 
from  che  known  alternating  capacitance  change  and 
the  capacitance  of  the  sensing  capacitor,  we  can 
calculate  the  equivalent  Ac  linear  deformation 
using  Eq  (2).  The  scheme  of  the  alternating  capa¬ 
citance  generator  designed  is  shown  in  Fig.  9.  The 
capacitance  is  made  in  a  completely  shielded  alumi¬ 
num  box.  When  the  central  circular  aluminum  plate 
It  ir>  the  vertical  position,  no  electric  flux  can 
thread  between  the  needles  and  the  capacitance  is 
almost  equal  to  zero.  In  the  horizontal  position 
the  capacitance  shows  a  maximum.  By  rototlng  the 


aluminum  place  with  a  constant  speed  motor  (Electro-  the  wurtzite  piezoelectric  coefficient  can  be  cal- 
Craft  Motomatic  System),  a  sinusoidal  capacitance  culated  as  follows: 

change  (3-26  aF)  can  be  obtained  as  shown  in  the 

bottom  figure.  The  reference  signal  to  the  phase  V_ 

locked  detector  is  produced  by  the  photodiode  and  d.  =  --  dft  (5) 

the  rotating  shutter  fixed  on  the  rotating  axis.  S  Q,OUT  ** 


If  we  obtain  the  lock-in  output  of  V^cg  mV  by 
driving  the  alternating  capacitance  generator  under 
one  instrument  condition  with  the  sensing  capacitor 
of  C  pF,  the  sample  crystal  deformation  in  A  rms 
corresponding  to  the  unit  lock-in  output  in  mV  can 
be  calculated  as  follows  when  measured  under  the 
same  condition: 


(y^-) 

ACG 


VACG  C" 


[A/mV] 


Null  Condition  Method 

With  a  fixed  value  of  drive  voltage  to  the 
wurtzite  sample,  the  lock-in  output  as  a  function  of 
voltage  applied  to  the  standard  quartz  crystals  was 
measured  (Fig.  11) .  The  null  condition  is  estab¬ 
lished  at  the  output  minimum  position.  By  using  the 
ratio  of  the  voltage  applied  to  the  wurtzite  and  the 
minimum  position  voltage  and  the  quartz  piezoelec¬ 
tric  coefficient,  the  wurtzite  coefficient  can  also 
be  calculated  as  follows: 


Sample  Measurements 


To  get  the  unknown  piezoelectric  or  electro- 
strictive  coefficient,  there  are  three  different  ways 
of  using  the  present  instrument: 


1.  Absolute  Calibration 

(using  alternating  capacitance  generator) 


where  crystal  driving  voltages  are  treated  as  root 
mean  square  values.  Both  methods  gave  the  same 


value  of  the  wurtzite  piezoelectric  coefficient 
(d33  =  3.20  ±0.02  x  lO"12  mV-1). 


2.  Relative  Calibration 

(using  standard  quartz  driving) 

A.  Separate  vibrating  method 

B.  Null  condition  method 

3.  Sign  Determination  of  Elcctrostrictive 
Coefficient 

(using  elcctrostrictive  standard  PMN 
driving) 


Figures  12  and  13  show  the  data  for  the  elec- 
trostrictive  sample  Pb(Mg3/3Nb2/3)03  ceramic.  Lock- 
in  output  was  completely  proportional  to  the  square 
of  applied  voltage  (Fig. 12).  Very  clear  null  condi¬ 
tion  can  also  be  obtained  at  about  100  V  rms  to  the 
standard  quartz  (Fig.  13).  In  this  case  the  elec- 
trostrictive  coefficient  is  calculated  as  follows: 

Hs  -  Vqvq,in/vs,in2  (7) 


Absolute  Calibration 

By  using  the  output  from  the  alternating  capa¬ 
citance  generator,  the  deformation  corresponding  to 
the  lock-in  ouCput  can  be  calculated.  The  piezo¬ 
electric  or  elcctrostrictive  coefficient  will,  there¬ 
fore,  be  given  as  follows: 

d  "  'v srr  X  10  VP,0UT/VP,IN  l°V  ] 


where  Vg  TN  and  V-  IN  are  voltages  applied  to  the 
sample  and  to  quafiz  standard  at  the  output  minimum 
position,  2g  the  sample  thickness. 

It  is  worth  mentioning  here  that  in  a  practical 
case,  however,  the  lock-in  output  minimum  is  not 
exactly  equal  to  zero  because  of  a  slight  phase  dif¬ 
ference  between  the  vibrations  of  both  crystals. 

The  details  are  discussed  in  the  appendix. 

Sign  Determination  of  Electrostrictive  Coefficient 


M  -  x  lO"10  l  V  /V  2  [mV2] 

ACG  *  b,0Ur  E,lN  (4b) 


where  Vqdt  is  the  lock-in  output  voltage  in  mV,  Vj^ 
Is  the  voltage  applied  to  the  sample  in  V  rms  and 
l  the  thickness  of  the  sample  in  m.  Figure  5  is  a 
good  example  for  the  piezoelectric  case.  We  ob¬ 
tained  the  piezoelectric  coefficient  of  quartz  as 
d33  ■  2.27  +0.01  x  lO-22  mV-*-  from  the  data. 


To  determine  the  sign  of  the  unknown  electro¬ 
strictive  coefficient  is  rather  complicated  in  a 
system  which  consists  of  the  piezoelectric  standard 
and  the  unknown  electrostrictor,  not  only  because 
the  electric  field  frequency  applied  to  the  sample 
is  different  from  the  frequency  for  the  standard, 
but  also  because  the  vibrational  phase  of  the  piezo¬ 
electric  has  two  possibilities  (180°  difference) 
due  to  the  crystal  setting.  We  propose  to  use  a 
known  electrostrictor  as  a  standard  instead  of 
quartz  crystal,  since  the  electrostrictive  strain 
is  not  affected  by  180°  setting  difference. 


Separate  Vibrating  Method 


The  lock-in  output  was  recorded  separately  for 
the  piezoelectric  wurtzite  and  quartz  under  the 
optimum  condition  (Fig.  10).  By  using  the.  output 
ratio  of  wurtzite  and  quartz  at  the  same  applied 
voltage  and  the  quartz  piezoelectric  coefficient, 


Pb(Mg3/3Nb2/3)03  ceramic  witli  perovskite-type 
structure  is  one  of  the  best  examples,  which  has  a 
positive  electrostrictive  coefficient  (M  =  1.05  i 
0.01  x  10-16  m2V-2) .2 
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Appendix 


Example  Data  and  Discussion 


Soma  example  data  o£  piezoelectric  and  electro- 
strictive  crystals  and  ceramics  measured  by  the 
established  instrument  are  listed  in  Table  I,  com¬ 
pared  with  the  previous  data.  Coincidence  between 
the  values  determined  by  the  present  and  previous 
works  for  quartz  and  wurtzite  indicates  the  preci¬ 
sion  of  the  established  instrument.  It  is  worth 
mentioning  that  the  error  is  ten  times  smaller  than 
the  ones  in  the  previousavorks.  We  emphasize  that 
the  resolution  of  ±0.001 A  is  equal  to  the  greatest 
one  in  the  world  and  corresponds  to  the  resolvable 
strain  &Z/l£  ±10“10,  the  order  of  which  other  mea¬ 
surements  (e.g.  x-ray  diffractometer)  cannot  attain 
to. 

Further  measurements  about  many  samples  inclu¬ 
ding  alkali  halide  crystals  will  be  made  in  the  near 
future. 
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as  follows: 

=  a^  sin  ut  -  sin  (ut+6) 

=  (aj“a2  cos  s*n  0)t  "  a2  s*n  u  cos  ut 

“  [a^2_2a^a2  cos  6+a23l1^  sin  (8) 

where  tan  <!>  ”  a2  sin  6/  (a1-a2  cos  6). 

2  I/? 

[l-2r  cos  6+r  ]  •'  term  represents,  therefore, 
the  normalized  shape  of  the  dilatometer  output  curve 
as  a  function  of  driving  voltage  applied  to  the 
quartz  standard.  Figure  14  shows  the  theoretical 
calculation  of  the  null  condition  method  for  various 
phase  differences. 
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Table  I.  Some,  example  data  of  electromechanical  coefficients 


Sample 

Coefficient 

Present 

Previous 

Quartz  <100> 

dn  (xl0“12  mV-1) 

+2.27  (±0.01) 

+2.273 

Wurtzite  <001> 

d33  (xlO-12  mV-1) 

+3.20  (±0.02) 

+3.2  (±0.2)4 

Berlinite  <100> 

d^^  (xiO  32  mV  3) 

-3.98  (±0.05) 

-5.3  (±1.6) 5 

Pb(Mg1/3Nb2/3)03 

(ceramic) 

(xlO-16  m2V-2) 

+1.05  (±0.01) 

+1.4  (±0.2) 2 

1 
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Sample  Holder 


Super-  Invar  Frame 


Fig.  1 

Schematic  of  the  dilatometer  and  support  structure. 


Piezoelectric 


1)  time  dependence  ot  electric  field 

2)  strain  induced  in  a  piezoelectric  sample 

3)  time  dependence  of  electric  field 

4)  strain  induced  in  an  electrostrictive  sample 

Fig.  2  Crystal  deformations  induced  in  the  piezo¬ 
electric  and  the  electro-strietor  at  null 
condition. 


Fig.  3  Schematic  diagram  of  the  AC  dilatometer. 
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Fig.  4  DC  plate  separation  change  as  a  function  of  time  vith  and  without 
the  drift  compensation  Servo  amplifier. 


Lock-in  Amplifier  Output  (mV) 


Ouortz  Driving  Voltoge  dependence 


<IOO>  longitudinol  effect 
-Under  the'  optimum  condition 
with  C  =  79.6  pr 


Fig.  5  Dilatometer  output  and  the  actual  defor¬ 
mation  as  a  function  of  driving  voltage 
applied  to  the  quartz  standard  crystal. 


Bridge  Oscillotor  Voltogs  Dependence 
meosured  by  Standard  Quartz  driving 


0  10  20  30  40 

Bridge  Oscillator  Voltage  (Vrm5) 


Copocitor  Plates  Cop  Dependence 
meosured  by  Standard  Ouortz  Driving 
Lock-in  Amp. Output  rcACs 


Copacitor  Piates  Cop  (*tm) 


Fig.  6  Dilatometer  output  as  a  function  of  capaci¬ 
tor  plate  separation. 


Principle  of  Absolute  Stondcrd  using  Alternating  Capocucnce 

I)  Sample  Driving 

„  14  Hz 


Sample 

O  — '  -  "■ - o 


II)  Equivalent  Alternating  Copacitonce 


Fig.  8  Principle  of  the  absolute  calibrator.  (1) 

sample  driving:  (11)  equivalent  alternating 
capacitance. 


Fig.  7. Dilatometer  output  as  a  function  of  bridge 
oscillator  voltage  for  fixed  10.8  V  rms 
applied  to  the  quartz  crystal. 
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Alternating-  Capacitance  Generator 


Copocttor.rieedle 


Aluminum  box 


photodiode 


detector 


generotor 


Shielded  coble 


Copocitonce 


Lock-in  I 
omp.  U4Hz)f 


■^reference 
(f/2  mode) 


Seporote  -  vibrating  Method 
Quartz  <IOO> 

Wurtzite  <001  >  R  -  1.39 
Under  the  optimum  condition 
with  C  =  105.5  pF 


Wurtzite 


5  100 


0  20  40  60  80  100 

Applied  Voltoge  (Vrms) 

Fig.  10 

Separate  vibrating  method  for  wurtzite  and  quartz 


►  9  Scheme  of  the  alternating  capacitance  generator. 


Mull -condition  Method 
Quartz  <!00> 

Wurtzite  <00t>  ft  -141 
Under  the  optimum  condition 
with  C  -- 105.5  pF 


12  Dilatometer  output  as  a  function  of  square  of  driving  voltace  am 
to  Pb(Mg^^Nb2^)0^  ceramic.  vv 


Null-condition  between  Qucrtz  and 
Vibrotion 

Under  the  optimum  condition 
with  C  *  74.0  pF 

PMN  Driving  Voltage:  74.7  Vjms(7Hr) 


Fig.  13 


Standard  Quart:  Driving  Voltage  (Vrms ) 

Hull  condition  method  between  PMN  and  quartz. 


Theoretical  Calculation 


Fig.  14 


Theoretical 

differences 


calculation  of  the  null  condition  method  for  various  phase 
between  the  sample  and  the  standard  vibrations. 
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RADIATION-INDUCED  FREQUENCY  TRANSIENTS  IN 
AT,  BT  AND  SC  COT  Q’JARTZ  RESONATORS* 


D.  R.  Koehler 

Sandia  Laboratories,  Albuquerque 


Abstract 

Earlier  studies  of  transient  frequency 
changes  in  high-purity  swept  AT  quartz  resona¬ 
tors  led  to  the  conclusion  that  impurity-induced 
effects  were,  if  present,  small,  while  the 
observed  changes  were  qualitatively  and  quanti¬ 
tatively  well  characterized  in  terms  of  the  time 
changing  temperature  of  the  vibrating  quartz  and 
its  effect  on  frequency. 

In  the  present  work  we  have  prepared  5  MHz, 

AT  cut  fifth  overtone,  and  BT  and  SC  cut  third 
overtone  resonators  from  a  single  stone  of  Sawyer 
swept  Premium-Q  quartz.  The  resonators  were 
operated  in  precision  ovcnized  oscillators  at  or 
near  their  turnover  temperatures.  Pulsed  irra¬ 
diation,  at  dose  levels  of  the  order  of  10^ 
rads  (Si)  per  pulse,  was  accomplished  at  the 
Sandia  Labs'  Hermes  II  facility  operating  in  the 
Bremsstrahlung  mode. 

The  experimental  data  display  negative  fre¬ 
quency  transients  for  the  AT  cut  resonators, 
positive  frequency  transients  for  the  BT  cut 
resonators,  and  very  small  transient  effects  for 
the  SC  cut  resonators.  From  these  experimental 
results  we  conclude  that:  (1)  no  measurable 
impurity-induced  frequency  changes  (elastic 
modulus  changes)  are  being  observed  in  this 
high-purity,  swept-quartz,  and  that  (2)  the 
frequency  transients  are  accurately  modelled  in 
terms  of  transient  temperature  effects  stenraing 
from  the  thermal  characteristics  of  the  reson¬ 
ator  structure. 

Introduction 

In  earlier  work* *2  on  transient  frequency 
changes  in  high-purity,  swept  AT  cut  quartz  reso¬ 
nators,  we  were  led  to  the  conclusion  that  impur¬ 
ity-induced  effects  were,  if  present,  small.  The 
observed  changes  were  qualitatively  and  quanti¬ 
tatively  well  characterized  in  terms  of  the  time 
changing  temperature  of  the  vibrating  quartz  and 
its  effect  on  frequency.  Thermal  transient- 
induced  frequency  changes  in  AT  cut  resonators 
were  observed  as  early  as  1959 and  described 
empirically  as  a  function  of  the  time  changing 


*This  work  was  supported  by  the  U.S.  Department 
of  Energy. 


ambient.^  Holland's®  work  on  thermal  gradi¬ 
ent  effects  in  thickness  shear  resonators  led  to 
the  TIC  cut,  which  is  approximately  equivalent 
to  EerNisse's  stress  compensated,  SC  cut.® 
Holland's  calculations  deal  with  thermal  gradi¬ 
ents  in  the  thickness  direction  while,  in  the 
present  work,  the  thermal  modelling  of  the  reso¬ 
nator  structure  is  concerned  with  radial  heat 
flow  and  relates  the  instantaneous  frequency 
change  linearly  to  the  rate  of  change  of  tem¬ 
perature  at  the  oscillating  boundary. 

Some  insight  into  the  mechanism  responsible 
for  this  effect  has  been  offered  by  Warner.'* 

He  has  shown  that  parallel  field  excitation 
reduces  the  thermal  shock  sensitivities  asso¬ 
ciated  with  changing  ambients,  and  he  attributes 
this  reduced  sensitivity  to  the  absence  of 
quartz-electrode  stresses.  ThiB  attribution  is 
consistent  with  the  observation  of  a  lack  of 
frequency  change  in  SC  cut  resonators  exposed  to 
time  changing  temperatures.® 

For  further  investigation  of  these  ideas 
relative  to  our  radiation  studies,  it  was  sug¬ 
gested  that  measurements  on  BT  and  SC  cut  reso¬ 
nators  could  offer  additional  clarification  of 
the  induced  thermal  effects  as  well  as  offering 
an  enhanced  sensitivity  to  frequency  changes 
stcrasing  from  impurities.  The  Tl’C  cut,  or  SC 
cut,  is  designed  to  minimize  thermal  shock 
induced  frequency  shifts  and  should  thus  allow 
sensitive  measurements  of  impurity  effects  (clas 
tic  modulus  changes)  on  the  resonator  frequency, 
although  this  notion  is  dependent  upon  how  the 
various  frequency  determining  elastic  moduli  arc 
individually  modified  hy  the  radiation.  The  BT 
cut,  on  the  other  hand,  has  a  thermal  shock 
coefficient  opposite  in  sign  to  the  AT  cut  and 
one  should  see  positive  frequency  transients 
resulting  from  radiation  heating.  From  an 
impurity  effects  perspective,  however,  King's'* 
measurements,  as  well  as  earlier  experiments  by 
Frondel,*®  showed  thet  in  natural  quartz  BT 
cut  resonators,  the  radiation-induced  steady- 
state  frequency  changes  were  as  great  as  ten 
limes  the  changes  observed  in  AT  cut  resonators 
and  of  the  same  sign.  If  the  radiation-induced 
transient  frequency  changes  followed  this  steady 
state  frequency-change  behavior,  therefore,  one 
should  see  large  negative  frequency  excursions 
after  pulse  irradiation. 
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Experimental  Details 

In  the  present  work  we  have  prepared  5  MHz, 

At  cut  fifth  overtone,  and  BT  and  SC  cut  third 
overtone  resonators*  from  a  single  stone  of  Saw¬ 
yer*  swept  Presaiua-Q  quartz.  Except  for  the 
quartz  blank  thickness  and  the  electrode  thick¬ 
ness,  all  the  resonator  construction  details 
are  the  sane,  the  resonators  were  operated  in 
precision  oscillators  at  or  near  their  turnover 
temperatures  in  proportionally  controlled,  double 
ovens.  Pulsed  irradiation  was  accomplished  at 
the  Sandia  Labs'  Hermes  II  facility  which  is  a 
10  Mev,  70  ns  pulse  width,  electron  beam  source 
operating  in  the  Bremsst rah  lung  mode. 

Electrical  noise  and  EMP  effects  were  avoided 
by  doubly  shielding  the  oscillator,  oven,  and 
signal  cables.  Although  lead  collimators  were 
used  to  minimize  exposure  to  the  oscillator  and 
oven  control  circuitry,  30me  evidence  for  radia¬ 
tion-induced  changes  in  the  oscillator  transistor 
has  been  seen  and  will  be  discussed  below.  These 
experimental  details  and  the  basic  instrumenta¬ 
tion  shown  in  Figure  1  have  been  described  before 
but  are  mentioned  here  for  easier  reference. 

Frequency  was  recorded  at  0.1  second  inter¬ 
vals  from  approximately  5  seconds  before  the 
radiation  pulse  to  several  hundred  seconds  after 
with  a  resolution  of  approximately  two  parts  in 
10^.  At  dose  levels  of  the  order  of  10^  rads 
(Si)  per  pulse,  prompt  photoconductivity  in  the 
oscillator  caused  momentary  (approximately  30 
microseconds)  shutdown.  Temporary  oven  turnoff 
also  resulted  from  the  Significant  temperature 
rise  in  the  oven  assembly.  The  oven  heating 
current  as  well  as  the  AGC  level,  which  is  a 
measure  of  resonator  resistance,  was  also 
monitored. 

Experimental  Results  and  Modelling 

The  AGC  measurements  showed  no  resistance 
changes  resulting  from  the  radiation.  Resis¬ 
tance-dependent  frequency  changes  were  therefore 
not  present. 

The  physical  structure  of  the  resonator 
pertinent  to  heating  considerations  is  shown  in 
Figure  2  and  was  used  to  construct  a  thermal 
model  of  the  resonator.  The  equivalent  electri¬ 
cal  circuit  of  the  lumped -element  thermal  model 
is  shown  in  Figure  3.  For  purposes  of  calcu¬ 
lating  dynamic  and  static  frequency  changes 
stemming  from  radiation-induced  temperature 
changes,  the  various  nodes  in  the  model  are 
instantaneously  charged  to  voltage  levels  equiv¬ 
alent  to  the  nodal  radiation  doses.  The  details 
of  such  modelling  efforts  have  beer,  presented 
earlier, l*?  and  for  calculations  of  frequency 
changes,  the  voltage  and  time  rate  of  change  of 
voltage  have  their  equivalent  in  temperature  and 
time  rate  of  change  of  temperature.  In  partic¬ 
ular,  at  the  quartz  vibrational  zone,  C0  in 
Figure  3,  the  electrical  state  translates  to  the 


♦Fabricated  by  Frequency  Electronics  Inc.,  New 
Hyde  Park,  NY 

+Sawyer  Research  Products,  Inc.,  Eastlake,  OH 


instsntancous  frequency  via  Equation  2  in  Refer¬ 
ence  1,  repeated  here: 


Af/f(t)  -  •  +  y(T(t)  -  T(o)) 

The  frequency  at  tine  t  is  not  only  the  static 
function  of  temperature  y,  but  depends  also  on 
thermal  transients,  j3  (see  Reference  4). 

The  coefficient,  P,  in  the  transient  frequency 
term  has  been  measured  for  the  AT,  BT,  and  SC 
cut  resonators.®  However,  if  the  empirical 
dependence  has  its  basis  in  a  thickness-direc¬ 
tion  thermal  gradient  in  an  electroded  resona¬ 
tor,  then  an  acceptable  theoretical  treatment 
should  demonstrate  the  relationship  between  heat 
flow,  occurring  either  radially  or  conceivably 
via  a  thermal  path  through  the  electrodes  to  the 
oscillating  region,  and  such  a  thermal  gradient. 
Warner's?  results  with  parallel  field  excited 
resonators  could  be  interpreted  in  this  perspec¬ 
tive  also,  although  it  is  not  clear  whether  a 
thicknes 8 -direct ion  temperature-gradient  cr  a 
quartz-electrode  interface  stress  is  the  mech¬ 
anism  responsible  for  the  frequency  change. 

Computer  calculations  of  thermal  equilibra¬ 
tion,  after  pulsed  radiation  deposition,  generate 
the  frequency  transient  curves  shown  in  Figures 
4,  5  and  6.  The  experimental  data  for  the  AT 
resonators  of  this  study  are  shown  in  Figure  4 
and  display  the  same  qualitative  and  quantitative 
behavior  observed  in  earlier  studies  of  high- 
purity,  swept-quartz  resonators.  The  correlation 
with  the  thermal  model  suggests  very  little 
impurity-induced  frequency  effects  in  this  high- 
purity  quartz.  It  should  be  mentioned,  however, 
that  differences  in  sweeping  techniques  can  pro¬ 
duce  variations  in  radiation-induced  resonator 
frequency  changes, and  therefore  further 
qualification  of  quartz  material  and  purification 
processes  is  usually  necessary  to  demonstrate 
radiation  hardness. 

Early-tirae  structure  in  the  frequency  tran¬ 
sient  is  associated  with  heat  flow  into  the 
oscillating  region  from  the  ribbon  supports, 
while  later-tirae  structure  is  associated  with 
cooling  followed  by  oven-controlled  heat  flow. 

The  experimental  data  for  the  BT  and  SC  cut 
resonators  are  shown  in  Figures  5  and  6.  The 
unstructured  transient  for  the  SC  resonator  in 
Figure  5  showed  a  permanent,  approximately  2-3 
pp  10®,  negative  frequency  offset  which  was 
recovered  by  replacing  the  oscillator  transistor. 
Subsequent  exposure  to  the  radiation  pulse  again 
produced  the  unstructured,  negative  frequency 
offset.  Heretofore,  the  negative  frequency 
transients  observed  with  AT  cut  resonators  have 
tended  to  mask  this  effect.  Further  experimen¬ 
tation  is  planned  for  studying  these  radiation 
effects  on  oscillator  transistors. 

The  raw  data  for  the  BT  resonator  frequency 
changes  also  displayed  evidence  of  such  a  tran¬ 
sistor  produced  offset  and,  therefore,  the  BT 
data  shown  in  Figure  5  have  been  displaced  posi¬ 
tively  by  3  pp  10®.  The  excellent  agreement, 
both  qualitative  and  quantitative,  with  the 
thermally-induced  changes  calculated  from  the 


119 


model,  again  suggests  a  predcainar.ce  of  radia¬ 
tion  heating  effects  over  impurity-generated 
frequency  changes.  Ko  calculations  were  Dade 
for  the  SC  resonator  since  neither  static  nor 
dycaaic  temperature  changes  should  produce  a 
frequency  change  detectable  on  the  scale  shown. 

In  Figure  6  we  display  the  frequency  tran¬ 
sient  results  froa  irradiation  when  operating 
the  SC  cut  resonator  at  14  degrees  below  turn¬ 
over.  Tne  thermal  calculations  were  performed 
with  a  zero-value  thermal-transient  coefficient 
and  the  data  have  again  been  translated  posi¬ 
tively  by  2.4  pp  10°.  Tne  agreement  between 
the  data  as  generated  in  this  experiment  as  well 
as  in  the  experiment  at  turnover  and  the  thermal 
modelling  calculations,  further  supports  a  des¬ 
cription  of  the  induced  frequency  transients 
based  on  radiation  heating  of  the  resonator. 

Conclusions 


Further  evidence  has  been  established  con¬ 
firming  the  conclusion  that  high-purity,  swept- 
quartz,  as  represented  in  this  study  by  SARP 
Swept  Premiun-Q  material,  is  sufficiently  pure 
that  thermal  frequency  effects  dominate  under 
pulsed  irradiation.  Transient  frequency  changes 
induced  in  BT,  SC  and  AT  cut  resonators  can  be 
accurately  described  by  thermal  modelling  of  the 
resonator  structure  uhich  takes  into  account 
both  static  and  dynamic  temperature  effects 
arising  from  radiation  heating.  The  stress  com¬ 
pensated  SC  cut  or  thermal  transient  compensated 
TTC  cut,  fabricated  from  high-purity  quartz, 
furthermore,  offers  an  excellent  radiation- 
resistant  resonator,  since  both  radiation-induced 
impurity  effects  and  radiation-induced  thermal 
effects  on  frequency  are  minimized. 
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1.  Block  diagram  of  data  recording  system  for  measuring 
oscillator  frequency  and  equivalent  crystal  resistance 
as  a  function  of  time  following  a  short-duration 
radiation  exposure. 


2.  Structure  of  crystal  resonator  and  oven  assembly. 
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Frequency  transient  following  pulse  irradiation  tor  BT  and  SC  or 
•tors . 
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Summary 

New  results  are  reported  on  a  continuing  eval¬ 
uation  of  radiation  effects  in  swept  Premium-Q 
quartz  consisting  of  measurement  of  low-temperature 
infrared  impurity  spectra,  determination  of  re¬ 
sonator  0  as  function  of  temperature,  and  oscilla¬ 
tor  frequency  changes  induced  by  10  MeV  electrons 
and  60Co  gamma  rays. 

The  infrared  spectra  obtained  show  two  groups 
of  polarization  dependent  impurity  bands,  de¬ 
signated  s-  and  e-bands.  The  strengths  of  s-bands 
are  related  to  growth  while  those  of  the  e-bands 
depend  primarily  on  electrodiffusion  or  sweeping. 
Strong  e-bands  have  also  been  introduced  by  60Co 
gamma  irradiation  in  unswept  Premium-Q  quartz.  In 
swept  Premium-0  quartz,  e 2  band  strength  behavior 
with  accumulated  dose  varies  from  sample  to  sample, 
even  when  swept  by  the  same  process.  When  re¬ 
duced  in  strength  by  irradiation,  c-bands  can  be 
partially  restored  by  isochronal  annealing  between 
300  and  350°C.  A  relation  between  the  change  in 
e2  band  strength  and  the  amount  of  oscillator  fre¬ 
quency  offset  introduced  by  irradiation  is 
indicated. 

Neither  the  infrared  spectra,  0  1 ( T )  nor 
steady-state  oscillator  frequency  offset  data 
showed  any  features  related  to  differences  between 
the  SARP  I  and  SARP  II  sweeping  processes.  10  MeV 
electrons  and  ®®Co  gamma  ra^c  induce  similar 
oscillator  frequency  offset  characteristics. 
Oscillator  AGC  voltage  shows  transient  changes  of 
the  resonator  resistance  in  the  msec  time  interval 
after  electron  irradiation.  The  effect  of  these 
changes  dominates  the  observed  short-term  fre¬ 
quency  transients. 

Keywords:  Swept  Premium-0  Quartz  Resonators, 
Impurity  Bands,  Infrared  Spectra,  Acoustic  Losses, 
Oscillators,  Radiation  Effects. 

Introduction 

In  this  paper  we  present  the  most  recent  re¬ 
sults  of  our  investigations  of  the  effects  of  ion¬ 
izing  radiation  on  crystal  resonators  and  oscilla¬ 
tors,  and  the  material  utilized  in  their  fabrica¬ 
tion.  As  reported  before,1--*  it  is  the  objective 
of  our  ongoing  work  to  assure  the  commercial 
availability  of  consistent  high-grade  quartz 
capable  of  satisfying  the  stringent  military  re¬ 


quirements  imposed  by  applications  such  as  sat¬ 
ellite-borne  frequency  standards.  For  this  pui — 
pose  we  determine,  measure  ana  evaluate  the  para¬ 
meters  which  may  have  an  important  influence  on  the 
radiation  response  of  the  oscillator.  This  task  is 
approached  on  three  levels:  (1)  material  growth, 
sweeping  (electrodiffusion),  ron-destructive 
physical  characterization  and  low  temperature  in¬ 
frared  spectroscopy  before  and  after  irradiation, 
(2)  resonator  evaluation  by  measurement  of  Q  as 
function  of  temperature  before  and  after  irradia¬ 
tion  and  (3)  determination  of  transient  and  perm¬ 
anent  radiation  effects  on  oscillator  performance. 

During  the  last  year  we  have  expanded  our 
material  selection  and  experimental  techniques.  We 
report  here  data  on  quartz  swept  by  the  current 
process  of  Sawyer  Research  Products,  Inc.  (SARP  II) 
and  on  resonators  fabricated  from  this  material. 

We  arc  now  using  60Co  gamma  irradiation  and  iso¬ 
chronal  annealing  of  quartz  samples  in  combination 
with  the  low  temperature  infrared  spectra  as  add¬ 
itional  diagnostic  aids.  There  are  indications 
that  some  of  the  observed  modifications  of  the 
spectra  correlate  with  radiation-induced  permanent 
frequency  changes  in  oscillators.  By  measurement 
of  the  automatic  gain  control  (AGC)  voltage  of  the 
oscillator  as  function  of  time  after  irradiation, 
we  can  now  determine  transient  cnanges  of  tne  re¬ 
sonator  resistance  in  the  msec  time  regime.  We 
have  found  that  the  effect  of  these  resistance 
changes  dominates  the  frequency  transients  observed 
during  this  time  interval. 

Experimental  Procedure 

Samples 

The  results  reported  in  this  paper  were  ob¬ 
tained  on  SARP  grown  Premium-Q  grade  quartz,  swept 
by  any  of  five  diffe.ent  processes  and  on  ur.swept 
material  used  for  a  referer-e  base.  These  include 
SARP  I  and  SARP  II,  sweeping  in  air  or  vacuum  at 
Sandia  Laboratories,*  and  sweeping  in  dried  nitro¬ 
gen  ambient  at  RADC/ES.**  Precision  made  5  MHz  5th 
overtone  AT  cut  ouartz  resonators,  widely  used  in 
high-precision  oven  controlled  crystal  oscillators 


* 

under  the  direction  of  T.  J.  Young. 

Solid  State  Sciences  Division  of  the  Deputy  for 
Electronic  Technology,  Rome  Air  Development 
Center. 
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Table  I.  Preoium-Q  quartz  sample  and  resonator  identification  and  characterization. 


Autoclave 

run 

Crystal 
and  bar 

sweeping 

process 

sweeping 

run 

resonator 

FEI 

series 

Blllry 

data  presented 
Figure 

in  thi-s  paper 
Txit 

A  6  -  21 

- 

SARP  I 

35  d 

- 

24343 

11 

V 

A  6  -  24 

- 

SARP  ,T 

A4I 

6 

BE 

6,  7,  iO 

11,  III, 

V 

A14  -  23 

- 

SAPP  I 

C7C 

- 

24334 

11 

V 

A14  -  27 

A  2 

SARP  I 

HIS 

- 

BB 

7 

V 

D14  -  45 

32  b  (o) 

SARP  I 

H3S 

R 

- 

2,  5,  12 

n,  in, 

IV,  V 

D14  -  45 

40  b 

SARP  I 

H4S 

- 

- 

2 

ii 

A14  -  27 

Y  2 

SARP  II 

H5S 

- 

BC 

2,  7,  11,  13 

n,  in, 

V 

014  -  45 

6  b 

SARP  II 

G14H 

- 

BF 

V 

D14  -  45 

10  b  (o) 

SARP  II 

GISH 

It 

- 

V 

D14  -  45 

29  b 

SARP  II 

G17H 

- 

- 

2 

II 

A14  -  27 

a  1 

Sar.dia,  air 

- 

E 

- 

4 

III,  IV, 

V 

A14-27 

u  2 

Sand la, 
vacuum 

- 

F 

BA 

8 

V 

A14  -  27 

F  1 

RADC/ES 

- 

- 

BI 

9 

V 

D14  -  45 

1  b  (o) 

RADC/ES 

- 

- 

BH 

9 

V 

D14  -  45 

39  a 

unswept 

- 

G 

- 

13 

014  -  45 

D  h 

unswept 

- 

- 

- 

3 

III 

(o)  meets  SARP  optical  quality  requirements. 

(OCXO),  were  fabricated  from  these  materials  by  Bliley 
Electric  Company  and  Frequency  Electronics,  Inc. 

(FEI).2  A  few  resonators  also  were  obtained  that  op¬ 
erate  at  5.115  MHz.* 

These  materials  and  resonators  are  listed  in 
Table  I,  by  autoclave  run,  crystal,  bar  and  resonator 
series  identifiers. 

Low  Temperature  Infrared  Spectroscopy 

Infrared  transmission  of  the  quartz  samples  be¬ 
fore  and  after  irradiation  was  measured  at  low  temp¬ 
erature  between  3100  and  3700  cm-*  with  either  of  two 
instruments,  a  double  beam  Oigilab  FTS-14  Fourier 
spectrophotometer,  or  a  single  beam  Ebert  mounted 
Perkin-Elmer  £-1  gratiro  spectrometer  operated  in 
double  pass  mode,  with  the  resolutions  and  accuracy 
values  as  follows: 

Instrument  Resolutions  (cm  *)  Accuracy  (cm 
FTS-14  1  +0.25 

E-l  2-4  +1 

The  details  of  measurement  procedures  and  cryogenic 
equipment  are  described  in  a  previous  paper.  The 
transmission  of  polished  samples  with  faces  normal  to 
the  X-,  Y-  and  Z-directio.ns  was  measured  with  unpolar¬ 
ized  radiation  with  tne  electric  vector  E  perpendicular 
to  Y  or  Z.  Absorption  coefficients  were  calculated 
from  the  double  beam  transmission  after  appropriate 
normalization,  using  the  reflectivity  value  0.040  found 
for  quartz  in  the  vicinity  of  3700  cm"*.  For  single 
beam  measurements  a  reference  curve  was  obtained  with 
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the  sample  removed.  By  rapidly  scanning  a  specified 
wavenumber  range  with  the  FTS-14  during  a  very  slow 
temperature  rise  from  6  to  8CK,  measurements  were  made 
at  selected  temperatures  held  to  within  +_  1  K.  Liquid 
nitrogen  cooling  to  65  t  5  K  was  used  for  other 
measurements. 

60 

The  RADC/ES  34  kCurie  Co  source  was  utilized 
for  gamma  irradiation  of  the  quartz  samples,  with  doses 
ranging  from  1  to  21  Mrad.  Isochronal  annealing  was 
performed  by  moving  the  sample  gradually  into  the  cen¬ 
ter  of  a  wire  wound  quartz  tube  furnace  stabilized  at 
the  required  temperature  value.  A  thermocouple  was 
kept  in  contact  with  the  sample.  The  sample  was  with¬ 
drawn  20  minutes  after  it  reached  the  desired  temp¬ 
erature,  found  to  be  constant  within  *  3°C  across  the 
sample  during  this  period. 

Resonator  Q  and  Oscillator  Frequency  Measurements 

The  procedures  involved  in  these  two  aspects  of 
our  investigation  have  been  described  before2  and  are 
briefly  summarized  here. 

Resonator  0  was  obtained  from  measurements  of  the 
series  resonance  resistance  Pj  as  function  of  tempera¬ 
ture  T,  between  4.5  and  420K.  The  reactance  com¬ 
ponents  Cj  and  Li  of  the  series  branch  of  the  crystal 
equivalent  circuit  were  determined  at  room  temperature 
and  considered  to  be  independent  of  temperature. 

For  oscillator  irradiation,  we  utilized  FEI  OCXO 
model  2037B  as  test  bed  for  the  resonators.  Their  de¬ 
sign  permits  collimated  irradiation  of  the  resonator 
with  minimum  exposure  of  the  other  components.  After 
warm-up  to  turnover  temperature  (frequency  minimum) 
and  stabilization  for  at  least  several  days,  the  re¬ 
sonators  were  irradiated  with  10  MeV  electrons  at  the 
RADC/ES  Linear  Accelerator  (Linac)  facility  with  a 
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total  dose  of  1  Mrad,  accumulated  in  approximately  12 
logarithmic  steps,  starting  from  200  rads.  After  each 
exposure  tne  oscillator  frequency  was  measured  con¬ 
tinuously,  with  sampling  times  increasing  from  1  msec 
to  100  sec.  These  measurements  continued  long  enough 
to  determine  the  steady-state  (permanent)  frequency 
offset. 

Simultaneously,  the  oscillator  output  voltage  and 
the  AGO  voltage  was  measured  by  photographic  re¬ 
cording  of  oscilloscope  traces.  Observed  changes  in 
indicate  changes  in  the  resonator  resistance  R.  A 
calibration  function  R(Va)  was  determined  without 
irradiation,  using  resistors  in  series  with  the  re¬ 
sonator,  at  the  turnover  temperature  for  each  resonator- 
oscillator  combination.  In  these  calibrations,  the 
oscillator  frequency  f(R)  changes4  as  function  of  the 
combined  resistance  of  the  resonator  and  resistor. 

Irradiation  of  resonators  with  comparable  doses  of 
®°Co  gamma  rays  was  also  performed.  In  this  case  the 
resonator  was  removed  from  the  oscillator  and  rein¬ 
serted  after  exposure.  With  this  mode  of  irradiation 
the  two  hour  warm-up  of  the  oscillators  precluded  the 
measurement  of  short  term  frequency  and  resistance 
transients.  In  the  absence  of  irradiation,  the  fre¬ 
quency  was  found  to  retrace  after  reinsertion,  warm-up 
and  over  night  stabilization  within  +■  3  pp  10®. 

Results  and  Discussion 
Low  Temperature  Impurity  Spectra 

Unswept  Premium-Q  Quartz.  This  grade  of  synthet¬ 
ic  quartz  has  relatively  low  impurity  concentrations 
and  impurity  band  spectra  can  only  be  observed  at  low 
temperatures.  We  have  reported1  that  below  85  K  four 
principal  bands  are  found  in  nearly  all  unswept  Pre¬ 
mium-Q  quartz,  with  peak  positions  at  3348,  3396,  3438 
and  3581  cm-  .  These  bands,  attributed  to  the  role  of 
H+  in  0-H  stretching  vibrations, ®  are  characterist¬ 
ically  found  in  the  spectra  of  synthetic  quartz.®  We 
have  designated  them  as  si,  s2,  s3  and  S4,  respect¬ 
ively.  Wh_ijlc  the  band  peak  positions  vary  only  slight¬ 
ly  (+  1  cm  ), their  intensities  can  exhibit  large  varia¬ 
tion  from  bar  to  bar  and  in  some  cases  between  adjacent 
regions  of  a  bar.  The  intensities  are  also  polariza¬ 
tion  dependent  with  a  weaker  si  band  and  stronger  S3 
and  S4  bands  measured  with  EIZ  than  with  EiY,  or  EiX. 

The  impurity  bands  are  superimposed  over  broad  Si-0 
lattice  mode  overtone  bands  centered  at  approximately 
3200,  3300  and  3400  cm-1. 

Swept  Premium-Q  Quartz.  Sweeping  (electro- 
diffusion)  was  found1  to  change  the  s-band  intensity 
very  little,  i.e.  within  the  differences  due  to  local 
growth  variations.  Sweeping  introduces,  however,  two 
additional  bands  with  peaks  at  3306  and  3366  cm-1, 
which  have  been  designated  ei  and  e2.  The  ci  band  can 
be  clearly  resolved  only  in  quartz  with  higher  im¬ 
purity  concentrations  than  Premiurr-Q,  such  as  Electron¬ 
ic  grade.  Both  ei  and  e2  show  strong  polarizability, 
exhibiting  greater  strength  with  EiZ. 

5  6  7 

The  e-bands  are  attributed  ’  '  to  0-H  vibrations 
in  the  vicinity  of  aluminum  ions  in  silicon  sites, 

Alg^ ,  with  the  H+  providing  charge  compensation.  These 
e-bands  are  rarely  found  in  as-grown  synthetic  quartz 
where  alkali  ions  compensate  the  charge  instead  of  H+. 
Sweeping  removes  the  alkali  ions  and  replaces  them 
with  H+  from  the  water  vapor  present  even  in  dried 
ambient  gas,  thus  introducing  e-bands.  We  have  found 
that  e-bands  are  weak  in  vacuum  swept  material, 
apparently  for  lack  of  available  hydrogen. 


The  e-bands  cannot  be  introduced  by  heating  alone 
but  require  the  highly  increased  ion  mobility  provided 
e.g.  by  an  electric  field  of  kV/cm  strength.  We  have 
observed  no  e-bands  in  a  Premium-Q  sample  maintained 
at  500°C  for  3  months  without  an  applied  electric  field. 

The  e2  band  peak  height  decreases  strongly  with 
temperature  as  shown  in  Fig.  1.  This  decrease  is 
coupled  with  an  increase  in  band  width.  When  correc¬ 
tion  is  applied  for  the  instrument  resolution  of  1  cm-1, 
band  widths  of  1.0  to  2.3  cm-*  between  6  and  80  K, 
respectively,  are  estimated,  and  the  same  integrated 
intensity  is  found  at  each  temperature.  From  the 
latter  result,  the  e2  peak  height  above  the  Si-0 
lattice  band  background  is  a  valid  measure  of  band 
strength  if  comparisons  are  made,  as  in  this  paper, 
with  the  same  resolution  and  temperature. 

Some  questions  have  been  raised  about  the  in¬ 
fluence  of  differences  between  the  SARP  I  and  II  sweep¬ 
ing  procedures  on  quartz  quality  snd  radiation  re¬ 
sponse.  Comparison  of  the  spectra  presented  in  Fig.  2 
and  e2  band  peak  absorption  coefficients  derived  from 
these  spectra,  listed  in  Table  II, show  that  e2  band 
strength  alone  cannot  be  used  to  characterize  either 
process.  The  wide  range  of  strengths  found  probably 
indicates  variations  in  impurity  content  present  in 
the  material  before  sweeping. 

Table  II.  Peak  absorption  coefficient  of  the  3366 
cm-1  e2  band  at  85  K  ,  with  EiY,  in  SARP  I  and  SARP 
II  swept  Premium-Q  quartz. 

Sweeping  autoclave  bar  absorption  coefficient 


process  run  cm-1 

SARP  I  A  6  -  24  A4I  0.120 

D14  -  45  32b  0.099 

D14  -  45  40b  0.209 

SARP  II  A14  -  27  H5S  0.090 

014  -  45  39b  0.125 


Radiation  Effects  on  Impurity  Spectra 

Unswept  Premium-Q  Quartz.  The  e-bands  produced 
by  sweeping  are  also  introduced  by  ®®Co  gamma  irradia¬ 
tion.  As  with  sweeping,  the  defect  transformation 
Al^|-Na+ — ♦  Al|t-H+  can  be  effected  by  ionizing  radia¬ 
tion  at  sufficiently  high  temperatures.7  Figure  3 
shows  the  spectra  of  two  sections  of  an  unswept  Pre¬ 
mium-Q  bar  after  2  Hrad  irradiation,  displaying  e-  and 
s-bands.  The  bottom  and  center  spectra  are  for  meas¬ 
urements  on  the  same  section  with  EiY  and  EiZ, 
respectively.  The  top  spectrum  is  that  of  another 
section  cut  adjacent  to  the  first,  closer  to  the  end 
of  the  bar.  Even  though  the  s-bar.ds  are  different  in 
strength  for  the  two  sections,  the  e2  hands  are  of 
essentially  equal  strength  when  measured  with  the  same 
sample  orientation,  e.g.  EiZ.  These  findings  in¬ 
dicate  that  the  hydrogen  distribution  shown  by  the  s- 
bands  is  different  in  the  two  sections.  Nevertheless, 
the  alkali  distribution  after  irradiation  appears  to 
be  similar,  according  to  e2  band  strength. 

Swept  Premium-Q  Quartz.  In  this  material  Na+  and 
other  alkali  ions  have  been  removed  by  the  sweeping 
process  and  e-bands  are  observed  indicating  the 
presence  of  H+  -  Algj  centers.  Changes  in  the  e2  band 
strength  after  ®®Co  irradiation  for  samples  swept  by 
different  procedures  can  be  seen  from  Figs.  4-6. 

Figure  4  shows  the  85  K  pre-  and  post-irradiation 
spectra  measured  with  EiY  and  EiZ  for  a  sample  swept 
in  air  oy  Sandia  Laboratories.  Similar  spectra  are 
shown  in  Fig.  5  for  SARP  swept  bar  32b.  In  Fig.  6, 
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EIY  spectra-  an^  shown  for  another  SARP  I  swept  sample,  Acoustic  Losses,  Q~*(T). 
from  bar  A4X,.  both  before  and  after  irradiation,  and  j 

after  annealing  between  300  and  350°C.  Results  of  our  Q  (T)  measurements  are  shown  in 

fig.  7  for  SARP  swept,  in  Fig.  8  for  vacuum  swept  and 

From  these  Figures  and  Table  III  which  lists  the  in  Fig.  9  for  nitrogen  swept  Premium-Q  quartz  re- 

e2  band  peak  absorption  coefficients  as  a  function  of  sonators.  The  following  features  are  observed  from  the 

radiation  dose  and  annealing  temperatures  the  following  curves:  (1)  extremely  low  losses  at  liquid  helium 
observations  can  be  made.  temperatures  (Q=8xl07  is  not  unusual),  (2)  a  loss  peak 

near  20  K  attributed  to  phonon-phonon  interaction,® 

A  20%  decrease  in  e2  band  strength  with  Ej.Z,  and  a  (3)  narrow  peaks  at  various  temperatures  due  to  coupled 

50%  increase  with  £1Y  are  found  after  a  21  Mrad  irradia-  modes,  (4)  wider  arid  often  quite  weak  peaks  attributed 

tion  with  the  air  swept  sample.  Also  with  this  sample,  to  various  impurity  and  defect  centers  in  the  quartz, 

a  decrease  in  the  narrow  S4  band  with  E12  and  an  in-  Only  a  few  of  these  have  been  identified.  The  peak 

crease  with  EIY  is  observed  after  irradiation.  For  near  50  K  is  due  to  the  Al|t-Na+  center8  and  is  found, 

the  SARP  I  swept  sample  32b,  a  similar  dose  produces  a  although  sometimes  very  weak,  even  in  resonators  fab- 

20%  decrease  in  e2  strength  with  ElZ  and  a  15%  in-  ncated  from  swept  Premium-Q  quartz  such  as  BE-91  and 

crease  with  EJ.Y .  No  significant  changes  (<  5?s)  are  BC-82.  The  larger  50  K  peaks  found  with  BB-76  and  BA- 

found  for  the  S4  bard.  75  most  likely  have  a  superimposed  mode  coupling  com¬ 

ponent.  The  prominent  peak  found  with  f_r  near  135  K 

The  e2  band  measured  with  EIY  shows  a  completely  is  characteristic  for  swept  quartz.8  Ionizing  radia- 

different  behavior  with  irradiation  for  the  other  tion  tends  to  remove  this  peak  and  introduces  another 

SARP  I  swept  (A6-24)  sample.  The  e2  band  strength  is  one  near  100  K,  as  shown  in  the  dashed  line  in  Fig.  8. 

reduced  to  approximately  25%  of  its  pre-irradiation  Although  the  resonators  F-6,  F-2  and  BA-75  were  fab- 

value  with  a  1  Mrad  dose  and  to  10%  with  11  Mrad.  At  ricated  from  the  same  bar,  they  show  different  135  K 

the  same  time,  two  weak  bands  appear  with  1  Mrad  at  peak  strengths;  another  piece  of  evidence  for  variable 

3420  and  3545  cm-1  and  grow  in  strength  with  addition-  defect  concentration  in  a  given  bar.  As  with  the  in- 

al  irradiation.  Annealing  between  300  and  350°C  in-  frared  spectra,  the  0-1 ( T >  data  presented  m  Fig.  7 

creases  both  the  e2  and  3420  cm-*  bands  and  decreases  also  show  no  features  which  discriminate  between  the 

the  one  at  3545  cm-1.  Annealing  at  375°C  produced  no  SARP  and  II  sweeping  processes.  The  curves  in  Fig.  9 

further  effects.  No  S4  band  was  present  in  this  for  the  nitrogen  swept  resonators  BI-76  and  BH-68  show 

sample  before  and  after  irradiation  or  annealing.  unusually  high  phonon-phonon  interaction,  about  three 

times  as  strong  as  normally  found  with  swept  Premium-Q. 

Oscillators  utilizing  resonators  fabricated  from 

bars  of  the  air  swept  and  32b  samples,  in  which  re-  Radiation  Effects  on  Resonators  and  Oscillators, 

latively  small  e2  band  changes  were  observed  with  in-  ~  ""  “  “  “ 

radiation,  showed  low  radiation-induced  permanent  fre-  Steady-State  (Permanent)  Frequency  Offset.  Fig- 

q^ency  offset  with  a  1  Mrad  dose.  In  contrast,  those  Ure  10  shows  a  comparison  of  the  steady-state  frequency 

fabricated  from  bar  A4I,  for  which  large  e2  band  offset  produced  by  irradiation  of  resonators  with  10 

changes  occurred,  had  a  ten  times  larger  frequency  off-  Mev  electrons  and  8®Co  gamma  rays.  The  shaded  area 

set  with  the  same  dose.  This  relationship  between  represents  the  electron  irradiation  data  obtained  on 

changes  in  e2  band  strength  and  frequency  offset  may  six  resonatorS(  fabricated  from  one  bar  of  SARP  I  swept 

possibly  be  used  as  guide  to  select  quartz  bars  for  Premium-0  quartz,  while  the  solid  lines  for  the  gamma 

fabrication  of  resonators  with  low  frequency  offset.  ray  data  were  obtained  fnom  twc  additional  resonators 

taken  from  the  same  bar.  Aside  from  a  difference  in 

The  decrease  in  e2  band  strength  with  ElZ  and  the  raagnitude,  the  same  general  dependence  on  the  accumu- 

increase  with  El  Y  after  irradiation  of  the  air  swept  iated  dose  is  observcd  for  both  sets  of  dataf  in  spite 

and  32B  samples  indicates  that  the  corresponding  0-H  of  substantial  differences  in  the  experimental  con- 

vibrations  have  become  less  polarized.  In  the  case  of  ditions.  Within  the  limitations  shown  by  these  data, 

A4I,  the  strong  decrease  in  the  e2  band  and  the  growth  we  bave  utilized  both  techniques  to  determine  the 

of  other  bands  implies  a  redistribution  of  into  steady-state  frequency  offset  of  resonators  after  ir- 

other  sites.  radiation  with  doses  of  about  1  Mrad. 

Table  III.  Effect  of  ^Co  irradiation  and  of  20  minute  isochronal  annealing  on  3366  cm  *  e_  band 
strength  in  Premium-0  quartz,  measured  at  85  K.  2 


Accum. 

dose 

anneal ing 
temperature 

unswept 

(Oh) 

peak 
SARP  I 

absorption 
swept  (32b) 

coefficient  (cm  *) 

SARP  I  swept  ( A4I ) 

Sandia 

air  swept 

Mrad 

°C 

ElZ 

EIY 

ElZ 

EIY 

EIY 

E  i  Z 

EIY 

0 

- 

0 

0 

0.220 

0.099 

0.120 

0.201 

0.056 

1 

+  .001 

+  .001 

0.033 

2 

0.297 

0.128 

- 

- 

- 

- 

- 

8 

_ 

+  .003 

+  .007 

0.174 

0. 102 

11 

_ 

_ 

+  .007 

+  .008 

0.012 

0.160 

0.060 

20 

_ 

0.172 

0.115 

+  .013 

+  .005 

21 

_ 

_ 

+  .003 

+  .001 

0.157 

0.092 

11 

300 

_ 

_ 

_ 

0.037 

+  .012 

+  .007 

11 

325 

- 

- 

- 

- 

0.055 

- 

- 

11 

350 

- 

- 

- 

- 

0.064 

- 

- 
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Results  of  steady+state  frequency  offset  measure¬ 
ments  on  resonators  fabricated  from  12  bars  of  swept 
Premium-Q  quartz  are  presented  in  Table  IV. 

Table  IV.  Steady-state  frequency  offset  after  irra¬ 
diation  with  1  Mrad  accumulated  dose. 


Sweeping 

Resonator 

Frequency  offset 

process 

identification 

parts  per  109 

SARP  I 

24343 

-40 

8-1. . .8-16 

-270... -470 

24334 

-375 

SB-80 

-34 

R-48 

-20 

SARP  II  . 

BC-81 

CO 

1 

BF-97 

-20 

N-169 

-12 

RADC/ES 

BI-76 

+8 

8H-68 

+12 

Sandia,  air 

E-3,  E-l 

-30,  -40 

Sandia, 

vacuum 

F-2,  F-6 

-8,  -20 

2 

These  data  confirm  what  we  have  reported  before, 
namely,  the  incidence  of  low  and  high  off-set  values 
found  for  doses  exceeding  104  rad.  With  1  Mrad  ir¬ 
radiation,  high  values  between  -200  and  -500  pp  109 
are  found  with  resonators  fabricated  from  SARP  I  swept 
quartz,  while  the  highest  offset  found  with  SARP  II 
sweeping  is  -84  pp  109.  All  sweeping  processes 
listed  here  have  yielded  a  number  of  bars  from  which 
resonators  with  low  offset  have  been  fabricated.  In¬ 
cidence  of  high  offset  is  not  characteristic  for  any 
of  the  five  sweeping  processes  studied  here,  but  all 
resonators  fabricated  from  the  same  bar  usually  show 
similar  offset  values. 

FigurG  11  shows  one  example  each  for  low,  inter¬ 
mediate  and  high  frequency  offset  dose  dependence. 

The  three  curves  show  that  this  offset  begins  after 
104  rad.  High  offset,  undesirable  for  long-term  sat¬ 
ellite  missions,  can  be  alleviated  by  prophylactic 
irradiation.  We  have  shown3  that  irradiation  with 
1  Mrad  reduces  the  effect  of  furth°r  irradiation  sub¬ 
stantially  and  that  annealing  with  time  is  limited  to 
minor  changes  saturating  near  5  pp  109  within  2  to  3 
months.  We  also  found  vhat  a  1  Mrad  dose  has  no  ef¬ 
fect  on  the  Allen  variance  of  the  oscillator, 
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High  offset  appears  to  be  associated  with  de¬ 
creased  acoustic  losses  between  50  and  70  K.  With  the 
intermediate  offset  typo  resonator  BC-81,  the  effect 
is  too  weak  to  be  seen.  It  should  be  emphasized  that 
the  quartz  utilized  in  the  high-offset  resonator 
series  B  showed  infrared  spectra  with  the  eg  sweeping 
band  abnormally  sensitive  to  irradiation. 

Long-Term  Transient  Changes. 

Most  resonators  listed  in  Table  IV  exhibit  only 
moderate  overnight  transient  frequency  changes, 
ranging  from  -5  to  +8  pp  109.  However,  more  sub¬ 
stantial  transients  cannot  be  ruled  out,  as  shown  in 
Fig.  12.  Several  hours  after  a  1  Mrad  exposure,  a 
strong  change  was  observed  which  took  about  6  days  to 
recover.  Anotherrosonator,  BC-81,  as  indicated  in 
Fig.  11,  shows  an  overnight  frequency  increase  of  45 
pp  109,  after  the  last  exposure. 


Short-Term  Transient  Changes. 

The  transient  frequency  changes  observed  within 
1  sec  after  10  MeV  electron  irradiation  were  found3  to 
depend  not  only  on  the  resonator  but  also  on  the 
oscillator  test  bed.  Measurements  of  the  AGC  voltage 
showed  that  these  frequency  changes  are  accompanitd  by 
changes  of  resonator  resistance.  Figure  13  shows 
several  examples  of  these  simultaneous  transients. 

With  unswept  Premium-Q  resonators  such  as  G-l,  the 
maximum  of  the  resistance  change  is  large  and  occurs 
between  100  and  300  msec  after  an  electron  pulse.  With 
pulses  repeating  every  200  msec  the  resistance  changes 
accumulate.  Oscillation  ceases  after  3  or  more  pulses 
wher  the  resistance  exceeds  the  AGC  limit  shown.  Some 
time  after  the  irradiation  is  completed, oscillation  re¬ 
sumes  when  the  resistance  has  decayed  to  a  value  be¬ 
low  the  AGC  limit.  With  swept  Premium-Q  resonators, 
such  as  BC-81,  the  maximum  resistance  change  is  sub¬ 
stantially  lower  and  occurs  between  5  and  30  msec  af¬ 
ter  the  pulse.  Resistance  build-up,  with  multiple 
pulses,  and  cessation  of  oscillation  were  not  observed 
in  this  case. 

The  resistance  transient  is  related  to  a  fre¬ 
quency  transient  that  can  be  calculated  with  the  cal¬ 
ibration  function  f(R)  mentioned  in  the  preceding 
section  on  experimental  procedures.  As  shown  in  Fig. 

13  (right)  these  calculated  frequency  transients 
(dashed  lines)  a’t  close  to  the  observed  ones  (solid 
lines).  Whereas  the  resistance  transients  originate 
in  the  quartz  material,  their  effect  on  the  frequency 
transients  is  modified  by  the  oscillator  circuitry. 

Conclusions 

From  the  data  presented  the  following  conclusions 
can  be  made. 

1.  Non-uniform  impurity  concentration  across 
Premium-Q  quartz  bars  has  been  indicated  by  variations 
in  the  strength  of  low  temperature  infrared  spectra 
s-bands  and  weak  impurity  peaks  in  the  acoustic  losses 
of  resonators. 

2.  No  definite  characterization  of  a  specific 
sweeping  process  can  be  made  in  terms  of  either  the  in¬ 
frared  e-band  spectra,  acoustic  losses,  or  radiation- 
induced  frequency  offset. 

3.  The  e-bands  produced  by  the  removal  of  alkali 
ions  from  the  vicinity  of  substitutional  aluminum  and 
replacement  with  H+  in  the  sweeping  process  can  also 
be  produced  in  unswept  or  modified  in  swept  material 
by  ionizing  radiation.  These  modifications  are 
relatively  small  in  some  samples  of  swept  Premium-Q 
quartz  and  very  large  in  others.  These  changes  in 
e-band  strength  appear  to  be  related  to  differences 
found  in  the  radiation-induced  permanent  oscillator 
frequency  offset. 

4.  The  effect  of  radiation  induced  transient 
changes  of  resonator  resistance  dominates  the  short¬ 
term  transient  oscillator  frequency  changes  in  the 
msec  time  interval  after  exposure  with  pulsed  10  MeV 
electrons. 
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Fig.  2.  Absorption  spectra  of 
Premium-Q  quartz  samples  swept 
by  SARP  processes  I  and  II,  taken 
at  85  K,  with  E1Y. 
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Fig.  3.  Absorption  of  unswept  Premium-0  quartz,  from 
autoclave  run  014  — .3.  after  irradiation;  center  and 
bottom  spectra  for  same  section,  top  section  for  an 
adjacent  section  closer  to  the  end  of  the  bar. 
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Fig.  4.  Absorption  spectra  of  Sandia  air  swept  Premium-0  quartz,  from 
autoclave  run  A14-27,  taken  at  85  K,  before  and  after  irradiation. 
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Fig.  5.  Absorption  spectra  of  SARP  I  swept  Premium-0  quartz,  from  auto¬ 
clave  run  D14-45,  bar  32b-H3S,  taken  at  85  K,  before  and  after  irradiation. 


Fig.  6.  Absorption  spectra  of  SARP  I  swept  Premium-0 
quartz,  from  autoclave  run  A6-24,  bar  A4I,  showing 
effects  of  irradiation  and  annealing;  note  the 
intensity  changes  of  band  e%. 
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Fig.  7.  Acoustic  losses,  Q-1(T),  of  SARP  I  and  SARP  II  swept  Premium-0 
quartz  resonators;  T.O,:  turnover  temperature;  solid  lines:  unirradiated; 
dashed  line:  irradiated  with  1  Mrad  of  10  MeV  electrons. 
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Fig.  8.  Acoustic  losses,  0  (T),  of  Sandia  vacuum  swept  Premium-Q  quartz 

resonators;  T.O.:  turnover  temperature;  solid  lines:  unirradiated;  dashed 
lines:  irradiated  with  1  Mrad  of  10  MeV  electrons. 
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FRACTIONAL  FREQENCY  DEVIATION  (PP  10  ) 
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Fig.  13.  Short-term  transient  resistance  and  frequency  changes  in  one  un- 
swepfc(G-l)  and  one  3ARP  II  swept  Premium-0  quartz  resonator  (BC-81),  irradiated 
with  single  (center)  double  (top)  and  multiple  (bottom,  left  only)  pulses  of 
10  MeV  electrons;  doses  per  pulse  as  indicated;  constant  signal  amplitude  is 
maintained  below  the  shown  AGO  limit  above  which  oscillator  ceases. 
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RADIATION-INDUCED  MOBILITY  OF  INTERSTITIAL  IONS  IN  SYNTHETIC  QUARTS 

J.  J.  Martin,  3.  P.  Doherty,  L.  E.  Halliburton,  M.  Markes,  N.  Kouavakalis  and  W.  A.  Sibley 
Department  of  Physics,  Cklahoiaa  State  University 
Stillwater,  Oklahoma  74074 

and 

R.  N.  Brown  and  A.  Arming ton 
Rome  Air  Development  Center  (RADC/ET) 

Hanscom  AFB,  Maryland  01731 


Summary 

We  have  used  infrared  absorption  <IR) ,  electron 
spin  resonance  (ESR) ,  and  acoustic  loss  (Q"1)  mea¬ 
surements  on  well-characterized  Sawyer  Premium  Q  and 
Electronic  Grade  quartz  to  investigate  the  radia¬ 
tion-induced  mobility  of  interstitial  ions.  Our  IR 
and  ESR  results  show  that  under  irradiation  below 
200K  hydrogen  is  the  dominant  mobile  interstitial. 
For  irradiation  above  200K,  interstitial  Na+  ions 
become  mobile  and  allow  Al-OH"  and  [a10+]  center; 
to  be  formed.  The  Al-OH-  complex  gives  rise  to  the 
3367  cm"1  and  3306  cm"1  infrared  bands.  The  mobil¬ 
ity  of  interstitial  Na+  ions  above  200K  is  further 
demonstrated  by  the  disappearance  of  the  50K  Na 
acoustic  loss  peak  in  both  Na-swcpt  Premium  Q  and 
Electronic  Grade  resonators.  The  normal  sweepinq 
process  replaces,  the  interstitial  alkali,  which 
charge  compensates  a  substitutional  Al3+,  with  H+ 
to  form  the  Al-OH-complex .  Since  the  Al-OH"complux 
is  readily  converted  to  [Alw+]  centers  by  irradia¬ 
tion  at  77K,  we  propose  the 'following  sensitive 
test  for  the  completeness  of  the  sweeping  process: 
a)  irradiate  a  sample  at  77K  and  measure  the 
[Ale+]  concentration  by  ESR,  b)  irradiate  the 
sample  at  room  temperature  and  remeasure  the 
[A1  +]  concentration,  c)  repeat  step  a.Q  If  the 
sweeping  process  is  complete,  the  [Ale+]  concen¬ 
tration  in  steps  a  and  c  will  be  the  same  since 
step  b  will  not  displace  any  alkalis. 

Introduction 

Because  of  its  piezoelectric  properties, 
quartz  has  many  applications  in  electronic  instru¬ 
mentation.  Examples  range  from  crystal-controlled 
oscillators  and  SAW-devices  for  use  in  time  keeping 
and  communication  links  to  temperature  and  mass 
measuring  instruments.  In  many  cases,  such  as  pre¬ 
cision  oscillators  in  satellites,  the  operation  of 
quartz-containing  devices  can  be  degraded  by  radi¬ 
ation.1-3  Thus,  the  defect  structure  of  crystal¬ 
line  Si02  is  a  subject  of  considerable  importance. 

Direct  studies  of  radiation-induced  effects  in 
quartz  began  with  the  work  of  Griffiths  e t  al . ^  on 
the  aluminum  associated  trapped  hole  center  (now 
known  as  the  [Ale+]°  center)  and  the  work  of  Weeks6 
on  the  oxygen-vacancy-associated  trapped  electron 
center  (E|  center).  For  the  [Ale+]°  center, 
O'Brien3  successfully  interpreted  the  magnetic  res¬ 
onance  data  in  terms  of  a  model  having  a  hole 
trapped  primarily  in  a  non-bonding  orbital  of  an 


oxygen  ion  adjacent  to  the  substitutional  aluminum. 
The  comprehensive  review  by  Weil®  describes  addi¬ 
tional  work  on  the  aluminum-associated  hole 
centers. 

All  quartz,  natural  or  synthetic,  contains 
aluminum  substituting  for  silicon  and  thus  charge 
compensators,  the  most  common  of  which  are  inter¬ 
stitial  H+,  Lj+  and  Na+,  are  required.  It  is  ex¬ 
pected  that  these  interstitials  will  play  a  direct 
role  in  the  response  of  quartz  to  radiation  and 
this  expectation  has  been  born  out  by  many  experi¬ 
ments.  The  50K  acoustic  loss  peak  observed  in  5 
MHz  5th  overtone  AT  cut  crystals  which  is  attrib¬ 
uted  to  interstitial  Na+  ions  is  removed  by  ioniz¬ 
ing  radiation.4 

Interstitial  H+  ions  are  usually  associated 
with  a  non-bonding  oxygen  orbital  m  the  form  of  OH" 
molecules.  This  association  gives  rise  to  infrared 
absorption  which  is  used  to  routinely  evaluate  the 
quality  of  quartz.9’10  If  the  IR  measurements  are 
made  at  cryogenic  temperatures,  the  absorption 
bands  narrow  substantially  and  allow  detailed  in¬ 
vestigations  of  the  role  of  OH"  molecules.11-13 
Recent  work  by  Sibley,  et  al.14  shows  that  irradia¬ 
tion  of  a  quartz  sample  held  at  liquid  nitrogen  or 
liquid  helium  temperatures  breaks  up  the  OH"  radi¬ 
cals  and  thus  reduces  the  OH”  absorption.  On  the 
other  hand,  irradiation  of  unswept  synthetic  quartz 
while  it  is  at  room  temperatures  does  not  change 
the  total  OH"  absorption  compared  to  before  irradi¬ 
ation,  but  does  produce  two  new  bands. 

Quartz  has  relatively  large  Z-axis  channels 
along  which  the  interstitial  ions  can  move.  Kats11 
making  use  of  this  characteristic,  ai plied  an 
electric  field  parallel  to  the  Z-axis  while  holding 
the  sample  temperature  in  the  400  °C  to  550  °C 
range.  He  succeeded  in  "sweeping”  hydrogen  and 
alkali  interstitial  ions  into  and  out  of  the  sample 
Since  charge  neutrality  must  be  maintained,  if  one 
species  is  removed  it  must  be  replaced  by  a  .simi¬ 
larly  charged  species.  This  technique  of  changing 
the  relative  concentration  of  hydrogen  and  alkali 
ions  by  sweeping  has  been  used  by  many  investiga¬ 
tors  and  has  proven  extremely  useful  in  defect 
identification  studies.  More  importantly,  sweeping 
prior  to  fabrication  has  been  repo-ted15  to 
increase  the  radiation  hardness  of  quart-  crystals 
used  in  precision  oscillators. 

While  the  hole  and  E'  centers  can  be  observed 
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with  electron  spin  resonance  (ESR)  and  the  OH 
molecules  by  infrared  measurements,  direct  observa¬ 
tion  of  the  alkali  interstitials  is  more  difficult. 
Their  presence  is  known  to  affect  the  Q  of  crystals 
and,  therefore,  the  frequency  stability  of  t.he 
oscillator.  For  example,  Fraser16  has  shown  that 
the  50K  loss  peak  is  due  to  interstitial  Na+  by 
sweeping  Na  into  natural  quartz. 

In  the  present  investigation,  we  have  used 
parallel  IR  absorption,  ESR,  and  Q"1  studies  to  ob¬ 
tain  information  about  defect  formation  and  migra¬ 
tion  during  irradiation  and  thermal  annealing  in 
quartz.  The  samples  studied  were  all  coranercially- 
available  high-quality  quartz,  thus  making  our  re¬ 
sults  directly  applicable  to  device  operation.  The 
major  portion  of  the  paper  is  concerned  with  the 
radiation-induced  mobility  of  interstitial  H+  and 
Na+  ions.  We  find  that  the  H+  ions  are  mobile  at 
all  temperatures  under  irradiation  but  that  the  Na+ 
ions  are  only  mobile  above  200K.  As  an  application 
of  these  results,  we  describe  a  sensitive  testing 
procedure  for  measuring  the  extent  to  which  the  in¬ 
terstitial  Na+  ions  have  been  removed  by  the  sweep¬ 
ing  process. 

Samples 

A  series  of  well  documented,  pure  Z-growth, 
lumbered  bars  of  Electronic  Grade,  swept  Electronic 
Grade,  Premium  Q,  and  swept  Premium  Q  were  pur¬ 
chased  from  Sawyer  Research  Products.  The  bars 
were  labeled  EG  and  PQ  for  Electronic  Grade  and 
Premium  Q,  respectively,  and  then  designated  with  a 
third  letter  to  code  the  individual  bar.  Samples 
from  each  bar  were  numbered  serially.  Thus,  sample 
EG-E30  was  the  30th  sample  cut  from  bar  E  of  the 
Electronic  Grade  (EG)  material.  Several  bars  had 
been  cut  in  half  by  Sawyer  and  one  half  of  the  bar 
swept  with  their  process,  SARP  I  or  SARP  II.  A 
number  of  samples  were  also  swept  at  OSU  and  RADC. 
Several  samples  from  bars  EG-E  and  PQ-E  were 
analyzed  for  Al,  Li,  Na,  K  and  Fe  by  the  Analyti¬ 
cal  Chemistry  Division  at  Oak  Ridge  National  Labo¬ 
ratory.  The  results  are  given  in  Table  X. 

TABLE  I.  IMPURITY  ANALYSIS  IN  IMPURITY  ATOMS  PER 
MILLION  Sl02 


Sample 

Al 

Ll 

Na 

K 

Fe 

EG-E37 

<9+ 

20 

3 

EG-E39 

4.5 

32 

EG-E43* 

6.5 

<9 

<3 

<1.5 

PQ-E2 

16 

<9 

9 

<1.5 

75 

+<  Indicates  the  limit  of  detectability. 
*  Sample  EG-E43  was  swept  at  OSU. 


The  impurity  analysis  indicates  that  bar  EG-E  con¬ 
tains  substantially  more  alkali  ions  than  aluminum. 
Sample  EG-E43,  which  was  swept  at  OSU,  shows  a  very 
low  Na  content  as  compared  to  sample  EG-E37  which 
was  not  swept.  Our  ESR  results  suggest  that  Fe  is 
not  an  isolated  substitutional  impurity.  A  few 
samples  were  also  taken  from  the  Premium  Q  bars 
D14-45  obtained  from  Sawyer  by  RADC.  Plano  convex 


AT  cut  5  MHz  5th  overtone  resonators  were  fabri¬ 
cated  from  Premium  Q  bar  D14-4SDC  that  had  beer, 
eloctrodiffused  with  Na  at  RADC  and  from  an  earlier 
Electronic  Grade  bar  labeled  SEG.  Optical  samples 
were  also  taken  from  these  two  bars.  Optical  and 
ESR  samples  were  also  cut  from  bars  EG-E,  PQ-E,  and 
PQ-F  for  this  study. 

Results  and  Discussion 
Infrared  Absorption 

Rats**  and  Lipson  et^  aK33  have  investigated 
the  IR  spectrum  of  OH-  molecules  m  quartz  as  a 
function  of  various  types  of  sweeping  and  Brown  and 
Kahan12  have  investigated  radiation  effects  in  the 
IR  spectrum.  Recently,  Sibley  ejt  ad.14  have  also 
investigated  the  effects  of  ionizing  radiation  on 
the  IR  absorption  of  OH"  impurities.  The  upper 
curves  in  Fig.  1  show  the  IR  absorption  of  Elec¬ 
tronic  Grade  sample  EG-E30  and  of  Premium  Q  sample 
D14-45-9b.  The  spectra  were  taken  with  the  samples 
cooled  to  8QK  and  with  the  optical  electric  field 
perpendicular  to  the  Z-axis.  The  Electronic  Grade 
sample  shows  prominant  OH"  bands  at  3581  cm"1,  3437 
cm“l,  3400  cm-1,  and  3343  cm-1  and  intrinsic  bands 
at  3300  cm-1  and  3200  cm-1.  The  area  under  the  OH" 
bar.ds  corresponds  to  an  OH"  concentration  of 
approximately  15  ppm.  The  much  smaller  0H_  bands  in 
the  Premium  Q"  sample  indicate  that  it  contains 
about  1  ppm  OH".  Hydrogen  is  expected  to  act  as  a 
charge  compensator  for  various  types  of  defects  or 
impurities.  We  nave  not  been  able  to  directly  cor¬ 
relate  these  bands  with  any  specific  impurity.  If 
the  sample  is  irradiated  with  1.75  MeV  electrons  or 
with  x-rays  while  it  is  held  at  80K  the  OH"  bands 
decrease  which  indicates  that  the  hydrogen  is  re¬ 
moved  from  the  IR-active  center  and  forms  other 
types  of  defects.  If  the  sample  is  then  annealed 
to  room  temperature  ar.d  the  IR  spectrum  rerun  after 
cooling  the  sample  to  80K,  we  find  that  the  origi¬ 
nal  OH"  bands  have  been  restored.  This  result  in¬ 
dicates  that  the  new  hydrogen-related  defects  are 
thermally  unstable  below  room  temperature. 

If  the  sample  is,  instead,  irradiated  to  a 
dose  of  2000  Joules/cm3  whj.le  it  is  held  at  room 
temperature,  absorption  bands  at  3367  cm"1  and  3306 
cm"1  are  produced  as  shown  m  the  lower  curve  of 
Fig.  1.  Kats11  has  suggested  that  these  two  bands 
are  due  to  an  isolated  A13+-0H"  complex.  In  swept 
material,11,13  the  3367  cm"1  and  3306  cm"1  bands 
are  present  before  irradiation.  Under  irradiation 
at  80K,  these  two  new  bands  are  destroyed.  Upon 
wanning  to  300K  the  two  bands  regain  their  original 
strength. 

Since  the  3367  cm  3  and  3306  cm  ^  pair  are 
produced  in  unswept  material  by  irradiation  at 
300K,  but  not  by  irradiation  it  77K,  we  investi¬ 
gated  the  effects  of  irradiation  at  intermediate 
temperatures.  The  sample  was  mounted  in  the  opti¬ 
cal  Dewar,  warmed  to  temperature  T,  irradiated  to 
a  dose  of  2000  J/cm3  with  1.75  MeV  electrons,  and 
then  returned  to  80K  for  the  IR  scan.  Figure  2 
shows  that  the  bands  do  not  start  to  grow  under 
irradiation  until  the  sample  is  approximately  at 
200K.  Near  240K,  the  3306  cm"1  band  decreases  and 
the  3367  cm"1  continues  to  grow.  Similar  behavior 
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was  observed  upon  annealing  the  sample  after  80K 
irradiation. If  we  assume  that  both  bands  are 
due  to  very  similar  defects,  possibly  A13+-0H”  and 
plot  the  sum  of  peak  heights  for  the  two  bands  we 
get  the  upper  curve  shown  in  Fig.  2.  This  result 
shows  that  the  center  responsible  for  the  3367  cm”1 
and  3306  cm”*  bands  starts  to  grow  in  under  irradi¬ 
ation  at  about  200K  and  saturates  for  temperatures 
above  250K.  This  center,  possibly  A11+-0H",  when 
produced  by  irradiation  is  stable  under  isochronal 
annealing  up  to  about  600K  as  shown  in  Fig.  3.  For 
this  experiment  the  sample  was  first  irradiated  at 
300K,  measured  at  80K,  then  heated  for  10  minutes 
at  temperature  T,  quenched  in  liquid  nitrogen  and 
remeasured.  When  the  center  is  produced  by  sweep¬ 
ing  it  is  stable  up  to  at  least  800K. 

Electron  Spin  Resonance 

The  ESR  spectrometer  used  in  this  work  was  a 
9.1  GHz  home-built  homodyne  microwave  bridge  with  a 
9-inch  Varian  Field-dial  magnet.  The  magnetic 
field  was  modulated  at  100  KHz.  All  ESR  data  were 
taken  at  77K.  In  quartz,  many  of  the  electron-like 
paramagnetic  defects  are  most  easily  observed  with 
the  phase-sensitive  detector  adjusted  "out-of- 
phase”  while  hole-like  centers  are  observed  with 
the  detector  adjusted  "in-phase".  Curve  a  of  Fig. 

4  shows  the  in-phase  response  of  unswept  Electronic 
Grade  sample  EG-E37  after  an  initial  electron  irra¬ 
diation  at  77K.  Curve  b  of  Fig.  4  shows  the  out- 
of-phase  response  of  this  same  sample.  No  ESR 
signals  were  observed  in  this  or  any  other  samples 
before  irradiation.  Both  curves  contain  previously 
unreported  ESR  spectra.  One  of  these,  U-l  m  Fig. 
la,  *5  hole-like.  This  notation  is  arbitrary  and 
only  meant  to  be  used  until  a  model,  and  thus  a 
more  precise  label  can  be  assigned.  Additional  un¬ 
labeled  and  unidentified  hole-like  spectra,  as  well 
as  the  [A1  +]°  center,  are  present  in  curve  a.  The 
electron-like  spectra  U-2,  U-3,  and  u-4  are  found 
m  Fig.  4b.  The  doublet  hyperfine  splitting  of  the 
U-2  and  U-3  centers  strongly  suggests  that  they  are 
perturbed  by  a  nearby  proton.  Another  signal  pres¬ 
ent  in  the  spectrum,  but  not  shown  on  this  scale, 
is  the  widely-split  doublet  due  to  atomic  hydro¬ 
gen.17  All  but  the  U-4  center  were  destroyed  by 
warming  the  sample  to  room  temperature.  Figure  5 
shows  the  thermal  stability  of  these  defects  during 
a  series  of  5  minute  pulse  anneals  at  progressively 
higher  temperatures.  The  monitoring  temperature 
was  85K.  Very  few  [Ale+]°  centers  were  produced  by 
the  initial  low  temperature  irradiation,  and  they 
thermally  decayed  between  90K  and  110K  as  did  the 
hole-like  U-l  center.  In  this  same  temperature 
region  the  hydrogen  atom,  H°,  and  the  U-3  center 
increased  as  the  U-2  decreased.  Between  115K  and 
135K,  the  hydrogen  atom  was  thermally  destroyed 
while  at  the  same  time  the  hydrogen -perturbed  U-2 
and  U-3  centers  grew.  At  higher  temperatures,  all 
of  tne  centers  except  the  U-4  disappeared.  Quali¬ 
tatively,  the  production  of  atomic  hydrogen  and 
the  hydrogen-related  U-2  and  U-3  centers  by  irradi¬ 
ation  of  the  sample  at  low  temperatures  correlates 
very  well  with  the  reduction  of  the  OH”  IR  absorp¬ 
tion  described  above.  Although  the  recovery  of 
the  IR  bands  upon  annealing  does  not  show  the  de¬ 
tailed  structure  seen  in  the  decay  of  the  hydrogen- 


related  ESR  signals,  the  IR  bands  do  recover  over 
this  same  temperature  range.  These  results  show 
that  the  hydrogen  ion  is  mobile  under  irradiation 
even  at  very  low  temperatures. 

After  the  initial  77K  irradiation,  a  subse¬ 
quent  identical  irradiation  it  room  temperature  of 
this  same  Electronic  Grade  sample  EG-E37  was  made. 
This  irradiation  produced  a  larger  [Ale+]°  center 
signal  and  the  hydrogen-related  oxygen-vacancy 
centers  E^  and  E,}.*8'19,20  identical  spectra  have 
been  observed  in  similar  samples  that  have  only 
been  irradiated  at  room  temperature.  The  sample 
EG-E37  was  then  reirradiated  at  77K.  The  "in- 
phase"  (hole-like)  spectra  for  these  three  irradia¬ 
tions  are  shown  in  Fig.  6.  The  striking  feature  of 
this  irradiation  sequence  is  the  large  enhancement 
of  the  [A1  +]°  center  concentration  by  the  room 
temperature  irradiation  and  the  even  larger  in¬ 
crease  following  the  second  low  temperature  irradi¬ 
ation.  Following  the  room  temperature  and  subse¬ 
quent  low  temperature  irradiation,  the  thermal 
annealing  was  repeated.  The  hydrogen  atom  center 
and  the  U-l,  U-2  and  U-3  centers  showed  the  same 
behavior  as  before.  The  major  new  features  are  the 
appearance  of  the  E£  and  EJ  centers  above  120K  and 
the  decrease  of  the  [Ale+]°  center  only  to  the  con¬ 
centration  established  by  the  room  temperature 
irradiation. 

This  complete  irradiation  sequence  was  re¬ 
peated  on  the  swept  sample  EG-F12.  Bar  EG-F  was  a 
paired  bar  to  bar  EG-E  so  the  main  difference  was 
that  it  had  been  swept  by  Sawyer.  The  initial  77K 
irradiation  produced  a  factor  cf  25  increase  in  the 
[Ale+]°  center  concentration  over  that  of  the  un¬ 
swept  sample  EG-E37.  The  production  of  [Ale+]° 
centers  as  well  as  the  other  centers  in  the  two 
samples  was  very  similar  for  the  room  temperature 
irradiations. 

The  enhanced  production  of  [Ale+]°  centers  by 
a  77K  irradiation  is  produced  either  by  an  initial 
room  temperature  irradiation  or  by  sweeping.  In 
both  room  temperature  irradiated  unswept  samples 
and  in  unirradiated  swept  samples,  the  3367  cm-1 
and  3306  cm”1  infrared  bands  are  present.  We  have 
found  that  if  they  are  not  present  then  a  77K  ir¬ 
radiation  produces  only  a  sma)^[Ale*.]0  center  con¬ 
centration.  These  results  are^llustrated  by  the 
parallel  IR  absorption  spectra  and  ESR  spectra  that 
were  run  on  unswept  Premium  Q  sample  PQ-E5  and 
swept  Premium  Q  sample  PQ-F10.  Bars  PQ-E  and  PQ-F 
were  halves  of  an  original  Premium  Q  bar;  the  half 
labeled  PQ-F  was  swept  by  Sawyer.  Figure  7  shows 
the  results  on  PQ-E5.  Curve  a  gives  the  initial  IR 
spectrum  taken  at  80K;  note  the  absence  or  the 
3367  cm-1  and  3306  cm-1  bands.  The  noisy  trace  is 
due  to  the  small  sample  size  since  the  actual  ESR 
sample  (2x3x8  mm*3)  was  used  for  the  optical 
measurements.  No  ESR  signals  were  observed  before 
irradiation.  Curve  b  on  the  left  shows  the  IR 
spectrum  after  irradiation  at  80K,  the  right  hand 
trace  shows  the  complementary  weak  [Ale+]°  center 
ESR  signal.  Curve  c  was  taken  after  the  sample 
had  been  warmed  to  300K.  The  IR  trace  of  curve  d 
shows  the  3367  cm-1  and  3306  cm-1  bands  produced 
by  a  room  temperature  irradiation;  the  ESR  trace 
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shows  the  complementary  [Ale+]  center  spectrum. 
Curve  e  shows  the  complementary  IR  absorption  and 
[Ale+]°  center  spectra  taken  after  a  low  tempera¬ 
ture  irradiation;  note  the  large  increase  in  the 
[a1q+3°  center  signal  and  the  disappearance  of  the 
3367  cm"l  and  3306  an"*  bands.  Figure  8  shows  the 
identical  sequence  of  IR  and  ESR  spectra  and  irra¬ 
diations  taken  on  Sawyer-swept  sample  PQ-F10. 

Curve  a  shows  the  IR  absorption,  note  the  presence 
of  the  3367  cm”*  and  3306  cm"*  bands;  no  [Ale+3° 
center  absorption  spectrum  was  observed.  Curve  b 
was  taken  after  an  initial  low  temperature  irradi¬ 
ation;  note  the  large  [Ale+]°  center  ESR  signal  and 
the  absence  of  the  3367  cirri  and  3306  cn'*  bands. 
Curve  c  shows  the  IR  absorption  after  the  sample 
was  warmed  to  300K;  the  complementary  ESR  trace  was 
omitted  since  it  is  the  same  as  curve  d  which  was 
taken  after  a  room  temperature  irradiation.  Curve 
e  is  for  the  final  low  temperature  irradiation; 
here  the  [Ale+]°  center  concentration  is  only 
slightly  larger  than  the  concentration  following 
the  initial  low  temperature  irradiation. 

Further  evidence  connecting  the  enhanced  pro¬ 
duction  of  the  [Ale+]  center  after  a  low  tempera¬ 
ture  irradiation  with  the  presence  of  the  3367  cm-* 
and  3306  cm-*  bands  was  found  by  a  series  of  irra¬ 
diations  at  progressively  higher  temperatures, 
between  77K  and  300K.  Following  each  irradiation 
the  sample  was  returned  bo  77K  and  reirradiated  to 
insure  filling  all  electron  traps  before  measuring 
the  [A1  ]°  center  ESR  spectrum.  The  intensity  of 

this  77R-irradiation-produced  [Ale+]°  center 
spectrum  is  plotted  versus  the  intermediate  irradi¬ 
ation  temperature  for  unswept  sample  EG-E34  in  Fig. 
9.  The  onset  of  the  [A1  +]°  center  enhancement 
for  unswept  samples  starts  at  200K;  this  enhance¬ 
ment  closely  matches  the  onset  of  the  production  of 
the  3367  cm-1  and  3306  cm-1  bands  during  irradia¬ 
tion  at  intermediate  temperatures  as  shown  in  Fig. 
2. 


Figure  10  shows  the  high  temperature  anneal 
characteristics  of  the  [ftl0+]  center  enhancement 
in  unswept  samples  EO-E38.'”  In  this  run  the  sample 
was  first  irradiated  at  300K  and  then  at  77K  to 
establish  the  base  [Alg+]  concentration.  The 
sample  was  then  annealed  for  15  minutes  at  tempera¬ 
ture  T,  reirradiated  at  77K,  and  then  measured. 

The  decay  in  the  enhancement  occurs  in  the  575K  to 
675K  range.  This  again  matches  the  disappearance 
of  the  Al-OH"  center  measured  by  the  3367  cm"*  and 
3306  cm”*  bands  m  unswept  sample  EG-E30,  as  shown 
m  Fig.  10.  In  swept  material  the  enhanced  [Ale+] 
production  and  the  3367  cm”*  and  3306  cm”*  bands 
are  stable  under  high  temperature  anneal. 


Model 


The  chemical  analysis  described  in  the  sample 
section  indicates  that  in  our  unswept  Sawyer 
Electronic  Grade  and  Premium  Q  material  sodium  is 
the  major  alkali  impurity.  Much  of  the  Na  probably 
acts  as  a  charge  compensator  for  Al^+  substitu¬ 
tional  impurities.  When  combined  with  our  IR  and 
ESR  results,  the  following  picture  emerges. 

Hydrogen  is  mobile  under  irradiation  at  all  tem¬ 
peratures.  At  sufficiently  low  temperatures  it  is 


trapped  as  the  atomic  hydrogen  center  and  as  several 
other  centers.  Upon  warming  the  sample  to  room 
temperature  hydrogen  returns  to  its  original  OH" 
configuration.  If  the  irradiation  is  performed  at 
temperatures  above  200K  the  interstitial  Na+  ions 
{and  possibly  other  alkalis)  which  were  trapped 
near  substitutional  Al*+  ions  becomes  mobile.  Then, 
depending  upon  the  availability  of  electron  traps, 
a  hole  or  an  H+  ion  becomes  bound  to  a  neighboring 
oxygen  forming  either  the  [Ale+]°  or  Al-OH”  center. 
The  latter  is  roost  likely  responsible  for  the  3367 
cm”*  and  3306  cm”*  infrared  bands.  Finally,  a  sub¬ 
sequent  low  temperature  irradiation  fills  the 
shallow  electron  traps  so  that  the  [Ale+]  center 
concentration  increases.  This  picture  is  consis¬ 
tent  with  the  usual  sweeping  processes  in  which  Na 
and  other  alkalis  are  replaced  by  hydrogen.  For 
example,  sample  EG-E43  which  was  swept  at  OSU 
showed  a  decrease  in  Na  content  from  approximately 
2G  ppm  to  less  than  3  ppm  after  sweeping.  The 
sweeping  process  replaces  the  interstitial  Na+  near 
a  Al*+  with  a  H+;  thus,  producing  the  3367  cm~*  and 
3306  cm”*  bands  and  causing  a  large  [Ale+]°  center 
concentration  after  the  first  low  temperature 
irradiation. 

Sweeping  Test 

Besides  providing  a  more  fundamental  under¬ 
standing  of  the  radiation  response  of  synthetic 
quart2,  the  present  investigation  also  has  practi¬ 
cal  application  with  regard  to  sweeping.  The  onset 
of  the  radiation-induced  mobility  of  interstitial 
Na+  ions  above  approximately  200K  provides  a  method 
for  evaluating  the  extent  to  which  these  alkali 
ions  have  been  removed  from  a  crystal  by  the  sweep¬ 
ing  process.  This  evaluation  procedure  would  con¬ 
sist  of  examining  the  [Ale+]  center  ESR  spectrum 
after  each  step  of  the  following  sequence  of  three 
irradiations;  initial  77K  irradiation,  room  temper¬ 
ature  irradiation  and  re-irradiation  at  77K.  Fora 
sample  in  which  the  sweeping  process  is  complete 
(i.e.,  all  the  alkalis  have  been  replaced  by 
hydrogen),  the  [a1g+]°  center  ESR  spectrum  will  have 
the  same  intensity  after  the  first  77K  irradiation 
as  after  the  second  77K  irradiation.  In  the  case 
of  a  partialiy-swept  sample,  the  ratio  of  the 
[Ale+]  center  ESR  spectrum  intensity  after  the 
first  77K  irradiation  to  that  after  the  second  77K 
irradiation  is  a  sensitive  indicator  of  what  frac¬ 
tion  of  interstitial  Na1-  ions  have  been  replaced  by 
hydrogen  ions.  In  this  sweeping  evaluation  pro¬ 
cedure,  the  intermediate  room  temperature  irradia¬ 
tion  is,  of  course,  a  crucial  step.  This  technique 
for  evaluation  of  completeness  of  sweeping  has 
given  consistent  results  for  every  Sawyer-grown 
quartz  sample  we  have  investigated  and  we  believe 
it  to  be  valid  for  any  synthetic  quartz  grown  using 
sodium  carbonate  as  the  mineralizer.  We  cannot  yet 
generalize  the  result  to  all  quartz  since  it  is  not 
known  whether  interstitial  Li+  ions  will  become 
mobile  at  the  same  temperature  as  the  Na+  ions 
when  the  sample  is  subjected  to  a  radiation  field. 

Acoustic  Loss 

Acoustic  loss,  Q  ' ,  measurements  have  been 
made  by  the  log  decrement  method  on  several  Na- 
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swept  Fremj.ua  y  resonators  and  on  several  unswept 
Electronic  Grade  resonators.  All  resonators  were 
5  MHz  5th  overtone  AT  cut  plano-convex  blanks 
mounted  m  a  gap  holder.  The  holder  was  attached 
to  a  variable  temperature  cryostat  so  that  Q"* 
measurements  could  be  made  over  the  5  to  350K 
temperature  range.  A  Premium  Q  bar  from  Sawyer 
autoclave  run  D14-45  was  first  swept  in  an  Ar 
atmosphere, then  a  layer  of  NaC03  was  vapor  de¬ 
posited,  and  the  sweeping  run  repeated.  Samples 
from  this  Na-swept  bar  are  labeled  D14-45DC.  In¬ 
frared  studies  on  an  optical  sample  from  this  bai 
show  the  presence  of  the  3367  cm"*  and  3306  cm"* 
hands.  However,  when  an  optical  sample  from  this 
bar  was  irradiated,  at  room  temperature  the  3367 
cm"*  and  3306  cm" *  bands  showed  approximately  a  20% 
increase.  This  suggests  that  approximately  20%  of 
the  AlJ+-0K"  complexes  were  converted  to  Al^+-Ha+ 
complexes  during  the  second  sweeping  run.  The 
Electronic  urade  resonators  were  fabricated  from  an 
earlier  batch  of  Sawyer  material  labeled  SEG. 
Infrared  studies  show  no  major  difference  between 
this  material  and  the  more  recent  EG  bars. 

The  solid  curve  in  Fig.  11  shows  the  as- 
received  6  MHz  v>" *  results  for  Na-swept  resonator 
D14-45DC  (2) .  A  number  of  the  peaks  are  due  to 
interfering  modes.  The  large  loss  peak  near  50K 
Is  due  to  the  Al3+-Na+  complexes. our  own 
measurements  on  unswept  resonators  from  Premium  Q 
bar  D14-45-9b  and  those  of  Euler  et  aL. 3  on  swept 
D14-45  series  resonators  show  no  evidence  of  the 
SOK  Na  loss  peak.  Thus,  we  can  conclude  that  Na 
was  introduced  during  the  sweeping  process.  A 
series  of  irradiations  with  1.75  MeV  electrons  to  a 
dose  of  2000  J/cm3  each  at  77k,  21SK  and  300K  were 
made  on  this  resonator  and  the  Q"  vs  T  spectrum 
was  run  after  each  irradiation.  The  dashed  curve 
in  Fig.  11  shows  the  complete  Q"*  spectrum  after 
the  third  irradiation.  The  Na  loss  peak  is  com¬ 
pletely  gone  after  this  room  temperature  irradia¬ 
tion.  Figure  12  shows  the  Q~*  spectrum  at  low 
temperatures  for  this  resonator  in  the  as-received 
condition,  and  after  each  of  the  three  irradiations 
at  progressively  higher  temperatures.  The  irradi¬ 
ation  at  77K  caused  no  change  in  the  Na  loss  peak, 
the  215K  irradiation  lowered  the  peak,  and  the 
300K  irradiation  completely  removed  it.  This  be¬ 
havior  is  in  excellent  agreement  with  our  IR  and 
ESR  results  described  above  which  show  that  irra¬ 
diation  above  200K  moves  the  Na+  ion  away  from  the 
Al3+  and  replaces  it  with  either  a  H+  ion  or  a 
hole. 


Since  unswept  Electronic  Grade  material  con¬ 
tains  considerable  amounts  of  Na+,  we  ran  the  Q"* 
spectrum  on  a  Electronic  Grade  resonator  SEG 
007(1)  m  the  as-received  condition  and  after  ir¬ 
radiations  at  180K,  200K,  220K,  and  250K.  The  low 
temperature  results  for  the  unirradiated  condition 
and  after  the  220K  irradiation  are  shown  in  Fig. 

13.  After  the  220K  irradiation,  only  a  small  Na 
loww  peak  remains.  Figure  14  shows  the  full 
spectrum  for  this  Electronic  Grade  resonator  after 
the  250K  irradiations  note  that  the  Na  loss  peak 
is  completely  gone.  Wo  have  not  been  able  to 
identify  the  large  loss  in  the  100K  to  170K  region. 
The  loss  peak  near  270K4  is  probably  due  to  OH". 


Our  IR  and  ESR  results  indicate  that  annealing  the 
sample  above  700K  will  restore  the  unirradiated 
condition.  The  Electronic  Grade  resonator  was 
annealed  at  748K  and  the  Q"*  spectrum  was  remea¬ 
sured.  Figure  14  shows  that  the  annealing  restored 
the  Na  loss  peak. 

Thus,  we  see  that  the  behavior  of  the  Al3+-Na+ 
complex,  as  measured  by  the  acoustic  loss  peak, 
follows  the  IR  and  ESR  results.  Figure  15  shows 
the  fractional  decrease  AQ"*/AQ"* ,  where  A£“*  is 
the  original  height  of  the  Na  loss  peak,  versus 
irradiation  temperature.  The  open  diamonds  repre¬ 
sent  the  Na-swept  Premium  Q  resonator  and  the  open 
squares  the  Electronic  Grade  resonator.  The  Na 
loss  peak  disappears  under  irradiation  at  the  same 
temperatures  for  which  the  Al3+-OH~  complex  (mea¬ 
sured  by  the  3367  cm"*  and  3305  cm"*  infrared 
bands)  as  shown  by  the  solid  circles  in  Fig.  15  and 
by  the  enhancement  under  irradiation  of  the  [Al^+]° 
center  is  shown  by  the  solid  squares  in  rig.  15^ 

The  authors  thank  Dave  Randall  of  K-W  Manu¬ 
facturing,  Prague,  OK,  for  his  help  in  fabricating 
the  resonators.  This  work  was  supported  in  part 
by  the  U.S,  Air  Force,  Contract  No.  F19628-77-C- 
017. 
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IRRADIATION  T(K) 


Fig.  15. 

The  open  diamonds  and  squares  give  the  fractional  change  in  the  Na 

loss  peak  versus  irradiation  temperature  for  the  Ha -swept  Premium 

Q  and  unswept  Electronic  Grade  resonators  respectively.  The  closed 

circles  give  the  total  relative  concentration  for  the  Al-OH"centers 

responsible  for  the  3367  cm  ^  and  3306  cm  *  infrared  bands.  These 

+  + 

are  produced  by  replacing  the  interstitial  Na  with  I!  .  The  closed 
squares  show  the  enhancement  of  the  [Ale(.]0  concentration  as  the  H 
replaces  the  Na+. 
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Fig  3. 

The  high  temperature  annealing  behavior  of  the  center,  probably 
Al^+-OH  ,  responsible  for  the  3367  cm  and  3306  cm  bands  is  shown, 
in  swept  material  the  centers  do  not  anneal  out. 
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Fig.  4. 

Curve  a  shows  the  m-phase  response  of  unswept  Electronic  Grade 
Sample  EG-E37  after  an  initial  electron  irradiation  at  77K.  Center 
U-l  is  a  hole  like  center  perturbed  by  hydrogen.  The  center  curve 
contains  the  weak  [Ale+]°  signal  and  several  unidentified  nole 
centers.  No  ESR  signals  were  observed  before  irradiation  in  this 
or  any  other  sample.  Curve  b  shows  the  out-of-phase  response  of  this 
same  sample.  U-2,  U-3  and  U-4  are  electron-like  centers  with  U-2 
and  U-3  perturbed  by  hydrogen.  The  hydrogen  atom  spectrum  was  present 
but  was  too  widely  split  to  show  on  this  diagram. 
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Fig.  5  The  Thermal  stability  of  Che  centers  shown  in 
figure  4  is  shown.  All  except  the  U-4  center 
decay  well  before  room  temperature. 
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Fig.  7. 
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The  infrared  absorption  and  ESR  spectra  on  unswept  Premium  Q  sample 
PQ-E5  are  shown  for  a  series  of  irradiations.  Curve  a  is  for  the 
as-received  sample,  no  ESR  signals  were  detected.  Curve  b  is  for  a 
80K  irradiation,  only  a  small  [Ale+]°  signal  is  seen.  Curve  c  is 
after  the  sample  was  warmed  to  300K,  again  no  ESR  signals  were  de¬ 
tected.  Curve  d  is  after  a  300K  irradiation,  note  the  large  3367 
cm  1  and  3306  cm  1  bands  and  the  [aI^]0  ESR  signal.  Curve  e  is 
for  a  subsequent  80K  irradiation,  the  OH"  bands  have  disappeared  and 
the  [Ale+J°  signal  has  grown. 
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Fig .  6 . 

Curve  a  shows  the  original  in-phase  (hole-like)  ESR  spectrum  for  un¬ 
swept  sample  EG-E37  after  a  77K  irradiation.  Curve  b  shows  the  m- 
phase  spectrum  after  a  room  temperature  irradiation  and  curve  c 
shows  the  in-phase  spectrum  after  the  same  was  re-irradiated  at  77K. 
Dote  the  very  large  growth  of  the  [Ale+]°  center. 
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Fig.  8. 


A  sequence  identical  to  that  used  in  Fig.  7  is  shown  for  the  swept 
Premium  Q  sample  PQ-F10.  Note  the  presence  of  the  3367  an  1  and 
3306  cm  1  bands  in  the  as-received  condition  (curve  a)  and  the  large 
[Ate+J°  concentration  after  the  first  low  temperature  irradiation. 


IRRADIATION  TEMPERATURE  (K) 

Fig.  9. 

The  enhancement  of  the  [Ale+]°  concentration  for  unswept  Electronic 
Grade  sample  EG-E34  (measured  by  ESR)  is  shown  as  a  function  of 
sample  temperature  during  the  initial  irradiation.  The  sample  was  sub¬ 
sequently  irradiated  at  77k.  The  curve  matches  the  production  of 
the  3367  cm  ^  and  3306  cm  ^  bands  shown  in  Fig.  2. 


ANNEAL  TIK! 

Fig.  10. 

The  high  temperature  annealing  of  the  [Ale+]°  enhancement  in  unswept 
Electronic  Grade  sample  EG-E38  is  shown.  The  sample  was  heated  to 
temperature  T  then  reirradiated  at  77K  and  measured.  The  decay  in 
enhancement  matches  the  annealing  of.  the  Al-OH  as  measured  by  the 
3367  cm  1  and  3306  cm  *  bands. 


TEMPERATURE  <K  I 


Fig.  11. 

The  solid  curve  shows  the  as-received  Q  *  vs  T  spectrum  at  5  MHz  for 
a  Na-swept  Premium  Q  resonator.  The  Na  loss  peak  is  near  50K. 

After  a  300K  irradiation  this  peak  has  disappeared  as  shown  by  the 
dashed  curve. 


145 


rig.  12. 

Fig-  13 •  xhe  low  temperature  Q  *  spectrum  for  the  Ha -swept  Premium  Q  resonate] 
peak  in  unswept  Electronic  Grade  material  is  shown.  is  shown  for  a  series  of  irradiations.  The  77K  irradiation  produced 
■tion  of  the  peak  remains  after  an  irradiation  at  no  change  in  the  50K  Ha  loss  peak,  a  215K  irradiation  substantially 
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Fig.  14. 

The  solid  curve  shows  the  full  Q  1  vs  T  spectrum  for  the  unswept 
Electronic  Grade  resonator  after  a  250K  irradiation.  The  Na  loss  peak 
is  completely  gone.  After  annealing, the  resonator  at  748K  the  loss 
peak  has  returned  to  its  original  value  as  shown  by  the  dashed 


curve . 
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Summary 

In  this  paper  we  describe  results  obtained  on 
resonators  a  factors  for  six  poles  monolithic 
stal  structure.  Very  high  Q  are  obtained  at  room 
iperature  (up  to  650000)  and  their  evolution 
.inst  the  temperature  is  discussed. 

We  analyse  the  activity  of  the  unwanted  trap- 
;  inharmonic  modesand  show  how  it  is  possible  to 
uce  them  by  optimizing  the  plate-back  of  resona- 
s.  For  a  six-poles  monolithic  crystal  structure, 
discuss  the  influence  of  its  geometrical  pars¬ 
ers  on  this  optimum  rejection.  Experimental  re¬ 
ts  for  two-poles  and  six-poles  monolithic  crys- 
structure  are  presented  showing  very  high  re- 
.ator  Q-factors  and  very  low  spurious  level. 

Finally  we  describe  the  tuning-method  for 
‘  h  filters. 


Introduction 

During  the  past  few  years,  much  progress  has 
n  made  in  the  field  of  monolithic  crystal  f i 1— 
s  from  both  theoretical  and  practical  point  of 
w.  With  the  application  of  the  three-dimensio- 
:  equations  of  linear  piezo-electricity  to  the 

poles  monolithic  filters  ',  the  analysis  of 
anted  modes  and  their  suppression^  ,9  the  improve- 
t  of  tuning  procedures,  these  devices  are  now 
iable  and  are  manufactured  with  economically 
eptable  yields.  We  contribute  to  this  progress 
1  results  obtained  on  six  poles  monolithic  crys- 
structures  two  of  them  being  cascaded  to  form 
-  welve  poles  filter.  By  a  careful  preparation  of 
t  tes,  a  good  choice  of  its  geometrical  dimensions, 
h  lOgeneous  metallizations  and  a  low  stress-suspen- 
s.  n,  we  have  obtained  resonator  Q-factor  up  to 
br  000  at  8  MHz.  For  all  the  resonators  the  mean 
wnue  is  about  of  450.000,  the  lowest  value  being 
t  ically  of  350.000.  We  discuss  the  evolution  of 
t'  s  Q-factor  against  the  temperature. 

On  the  oter  hand  it  is  possible  to  reduce  the 
u  anted  trapped  inharmonics  modes  activity  bv  op- 
t*  lizing  the  plate-back.  In  a  precedent  paper^  , 
v.  have  established  the  theoretical  results  for  two 


poles  monolithic  filters.  W._  have  shown  that  for 
end  resonators,  coupled  one  side,  the  antisymme¬ 
tric  modes  were,  in  reality,  quasi  anti-symmetric 
modes  and  piezoelectrically  active.  But  they  tend 
to  become  purely  anti-symmetric  when  the  plate- 
back  increase.  It  is  possible  to  extend  these  re¬ 
sults  to  monolithic  filters  of  higher  order  and 
obtain,  in  that  case,  rejection,  of  more  than  40dB 
(single  plate  of  6  resonators),  leading  to  85  dB 
rejection  for  cascaded  such  plates. 

We  show  experimental  results  for  two  poles 
and  six  poles  monolithic  crystal  filters.  We  plot 
the  electrical  activity  of  the  Q  ASziand  QSzi 
modes,  versus  the  trapping  factor  of  resonators, 
for  six  poles  monolithic  crystal  structures  and 
discuss  influence  of  geometrical  parameters  of  the 
structure.  These  results  allow  to  keep  sufficient 
value  of  plate-back  in  high  frequency  monolitnic 
crystal  filters. 

Finally,  for  their  tuning,  filters  are  moun¬ 
ted  in  their  can  to  include  all  parasitic  capaci¬ 
tances.  With  a  movable  slot  in  front  of  a  mask, 
the  different  areas  are  selected  for  metallization. 
A  device  including  reed-relay  inside  a  high  vac- 
cuum  apparatus,  permits  all  possible  electrical 
measures  on  the  filters.  As  results  we  present  a 
twelve  poles  bilithic  filter  which  satisfy  the 
l/10eme  CCITT  specifications. 

Q  factor 

The  major  result  is  the  high  Q  factor  obtai¬ 
ned  on  rectangular  plates  of  natural  quartz  at  a 
resonance  frequency  of  8  MHz.  Actually  on  each 
plate,  at  a  temperature  of  24°C,  resonator  Q-fac¬ 
tor  distribution  presents  a  mean  value  of  about 
450000  with  maximum  value  of  648000,  the  lowest 
value  being  361000.  On  the  table  I  are  pointed  out 
the  values  of  Q ,  motional  resistance,  Resonant 
frequency,  and  motional  inductance,  of  each  reso¬ 
nator  for  some  points  of  temperature. 

We  see,  except  for  the  resonator  number  twey 
a  very  good  performance  at  10,24,30  and  40°C  ; 
for  20° C  the  Q  of  R1  and  R4  falls  below  200000. 

At  50°C  the  Q  of  R5  and  R6  falls  below  350000. 

While  the  mean  value  of  motional  inductance  is  : 

Lm  =  47.74  mH 

with  a  standard  deviation  of  0"  =  1-39  mH. 
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We  think  that  this  degradation  of  Q  is  du  to  pla¬ 
te  modes,  that  are  overtones  of  flexural,  face -shear 
and  extensional  modes.  Theses  modes  are  very  sensiti¬ 
ve  with  temperature.  When  resonators  frequencies  fall 
between  two  overtones  of  theses  modes,  its  Q  can  be 
very  high  only  limited  by  surface  morphology,  loss  in 
thin  film  and  intrinsec  Q  of  quartz.  But  when  plate 
nodes  are  coupled  to  thickness-shear/twist  mode  the 
mechanical  energy  of  the  latter  modes  is  scattered 
by  the  edge  of  the  plate  and  in  the  suspension.  Meeker 
3,4  and  al.  have  recently  described  a  method  for  calcu¬ 
lating  plate  modes  frequencies  but  it  is  actually  dif¬ 
ficult  to  adjust  accurately  the  dimensions  of  the  pla¬ 
tes  to  obtain  that  resonators  frequencies  fall  oetween 
thoses  of  plate  modes. 


Plates  are  not  perfectly  polished  and  are  che¬ 
mically  etched  to  remove  the  damaged  layer  caused  by 
the  lapping  operation.  At  8  MHz  we  obtain  a  maximum 
of  Q  for  a  removal  of  about  35  to  40  KHz-*  .  This  value 
is  slightly  smaller  than  Miller's”  result.  Plates  are 
then  cleaned  in  the  boiling  Alcohol  during  about  15 
minutes  and  receive  first  metallization.  They  are  moun¬ 
ted  in  their  can  and  again  cleaned  in  boiling  alcohol. 
In  its  can  plate  is  mounted  with  a  low  stress-suspen¬ 
sion  figure  1  (the  plate  is  not  clamped).  Electrical 
leads  are  wires  of  aluminium  with  50  Mm  of  diameter, 
and  are  bonded  by  ultrasonics  waves.  Metallizations  0 
are  made  homogeneous  by  a  planetary  system  and  7000  A 


on  each  face  seems  to  be  a  maximum  value  of  thickness 
without  degradation  of  Q  performance  ;  For  thicker 
films  adhesion  is  poor  and  Q  decreases. 


After  a  first  tuning,  plates  are  cleaned  again 
and  the  ve^y  high  Q  generally  appear  at  this  step  and 
is  not  modified  by  further  cleanings. 

Inharmonic  unwanted  modes 
.  2 

Ir.  a  previous  paper  ,  we  have  established  that, 
in  a  monolithic  crystal  filter,  the  unwanted  trapped 
inharmonic  modes  could  be  classified  in  two  groups  : 
the  quasi-antisymmetric  modes  (QAS)  ant  the  quasi- 
symmetric  modes  (QS) . 

Here  symmetry  and  anti-symmetry  must  be 
reported  to  an  axis  normal  to  the  plate  and  crossing 
it  at  the  center  of  one  end  resonator -QAS  modes  are 
piezoelectrically  active  due  to  the  fact  that  end  re¬ 
sonators  are  coupled  only  one  side  and  this  is  a  cause 
of  asymmetry  in  the  behaviour  of  theses  resonators. 


The  theoretical  analysis  is  made  with  a  bidi- 
mensionnal  elastic  approximation  based  on  a  model  in¬ 
troduced  by  Shockley,  Curran  and  Koneval^.  We  assume 
chat  Z'  is  the  coupling  direction  in  the  filter.  Then, 
with  origin  of  coordinates  at  the  center  of  one  of 
end  resonator,  the  curve  which  represents  the  mechani¬ 
cal  displacement  u  versus  the  abscissa  is  not  perfec¬ 
tly  symmetrical  with  respect  to  the  ordinate  axis. 
Thus,  the  electrical  current  assumed  to  be  proportion- 
nal  to  the  integral  of  u  over  areaof  resonator,  is  not 
equal  to  zero.  This  asymmetry  depends  upon  the  value 
of  the  coupling  between  the  end  resonator  considered 
and  the  next  resonators.  This  coupling  is  a  function 
of  so-called  crapping  factor  ft  7.' .  and  interesonators 

/  vi? 

-I  (0 

Lz '  represents  the  dimension  of  resonator  in 
the  coupling  direction 
h  is  the  thickness  of  the  plate 

and  Y are  the  piezoelectrically  stif¬ 
fened  values  of  elastic  constants 
FQ  is  the  cut  off  frequency  of  the  unelec- 
troded  plate 


Ff  is  the  cut-off  frequency  of  resonators  which  take 
Into  account  loweiing  effects  such  as  mass  loading 
and  electrical  boundaries  conditions. 

spacing  which  can  be  traduced  eventualy  by  il£j  which 
have  the  same  form  that  equation  (I),  when  these  re¬ 
gions  are  metallized  .  i  and  j  varies  from  !  to  N-l 
and  2  to  N  for  a  structure  with  N  resonators.  V>'e  assu¬ 
me  all  resonators  to  have  the  sane  ft  value.  This  is 
not  rigorously  the  case  since  one  of  end  resonator 
can  be  lowered  of  1  KHz  with  respect  to  the  others. 

But  for  a  structure  centered  at  8  MHz  this  produce  a 
variation  of  .3  percent  of  its  ft  which  is  negligible. 

In  figure  2  we  have  plotted  the  QAS  and  QS  mode 
activity  of  a  six  resonators  structure  against  ft.  We 
see  the  existence  of  a  crest  value  of  this  activity 
at  ftiM  2  and  a  valley  value  of  this  activity  at  ft”  * 
More  exactly  we  must  take  into  account  the  third  di¬ 
mension  (X)  in  this  analysis  and  we  can  approximate¬ 
ly  define  a  trapping  factor  ftx> 

V  <V  (2) 

x  z  i.z'y  on 

where  i-x  is  the  dimension  of  resonator  in  the  X  direc¬ 
tion.  In  fact,  it  is  false  to  separate  ftx  and  ft  zi 
ar.d  a  powerfull  tridimensional  model  give  a  more  com¬ 
plex  value  but  this  approximate  fourmula  gives  good 
agreements  with  experimental  results.  If  we  assume 
that  ftx  and  ft  =  max  (ftx  ,  ftz'  ),  when  ft  varies 

from  to  v  values  there  are  3H  QAS  modes  for  a  struc- 
2 

ture  with  N  resonators  :  QASzi  modes  which  have  two 
half  -wavelenghts  in  the  z'  direction,  Q  ASX  modes 
which  have  two  half-wavelenghts  in  the  x  direction, 
and  QAS  x  z'  modes  which  have  two  half-wavelenghts  in 
both  direction.  But  in  reality  QAS  x  z 'modes  are  wea¬ 
ker  than  QAS  x  and  QASz'  du  to  the  fact  that  they  are 
anti-symmetrical  in  both  directions.  And  in  reality 
they  are  2N  QAS  modes  that  are  piezoelectrically 
strong  modes®.  In  these  latter  modes  QAS  x  are  weaker 
than  QASz'  since  in  the  x  direction  there  is  not  asym¬ 
metry.  Similarly  when  ft  is  greater  than  n  there  are 
3N  QS  modes  whose  amplitude  remains  practically  cons¬ 
tant  when  ft  increases.  There  are  : 

QSZ.  modes  which  have  three  half-waveleng'ncs  in  the  z' 
direction 

QSX  modes  which  have  three  half-wavelenghts  in  the  x 
direction 

QS  .modes  which  have  three  half-wavelenghts  in  both 
directions. 

The  two  former  are  the  most  piezoelectrically  strong 
modes.  There  are  others  modes  that  we  call  compounds 
modes  : 

QASZ>  QSX  modes  which  have  two  half-wavelenghts  in  z' 

direction  and  three  half-wavelenghts  in  x  direction. 
QASX  QSZ iwhich  have  the  reciprocal  configuration. 

If  we  assume  that  ftxiM  ftz'  theses  modes,  since  they 
appear  for  ft  greater  than  n ,  are  very  weak  by  their 
QAS  part. 

For  this  reason  ft  x  and  ft  z'  must  be  choosen  not 
equal  but  not  very  different  to  prevent  the  appearance 
of  compound  modes  before  the  valley  value  of  QAS  modes. 
Figures  3  and  4  represents  the  evolution  of  this  un¬ 
wanted  modes  activity  for  a  two  poles  monolithic  crys¬ 
tal  filter  centered  at  10  MHz.  In  figure  5  some  x  ray 
topograph  show  the  repartition  of  mechanical  displace¬ 
ment  under  the  resonator  area.  In  figure  3b  the  first 
QAS  modes  to  appear  here  is  OAS  x  modes.  Then  appear 
the  QASz'  modes  which  are  more  active  since  the  asym¬ 
metry  is  more  effective  in  the  z'  direction  figure  4a. 
In  this  figure  QSX  modes  are  already  active  since 
ftx  3.5.  In  figure  4b  the  QASZ'  reach  their  crest 
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value  while  QAS*  modes  are  rejected  to  50  dB  ;  QSX 
mode  become  more  active. 

The  dimensions  of  each  resonator  are  2  nm  in  the 
z'  direction  and  3.6  urn  in  the  x  direction.  Thus 
*^x  J.6  This  is  a  very  bad  choice  which  show 

that,  in  this  case,  no  optimum  design  can  be  encounte¬ 
red.  Shown  in  figures  6,7,8  and  9  is  the  insertion 
loss  versus  frequency  of  a  six  poles  monolithic  crys¬ 
tal  filter  with  Has  parameter.  Here  ilx  iM  Hz’  and 
6  «»  max  (  ,*^z'  )■  We  see  the  same  evolution  of  QAS 

modes  and  in  figure  9  ,  we  have  a  rejection  of  more 
55  dB.  At  frequencies  of  F0  *■  400  KHz  we  see  untrapped 
inharmonics  modes  but  they  have  a  rejection  of  50  dB 
and  are  far  from  the  passband  of  the  filter. 

In  figure  10,11,12  for  a  six  poles  structure  we 
have  plotted  the  evolution  of  crest  values  and  valley 
values  of  the  QASzimodes,  when  the  interesonator-spa- 
cing  is  decreasing  from  its  nominal  value  (origin  of 
abscissa)  to  a  minimal  value  by  step  of  .1mm. All  un¬ 
wanted  activity  is  refered  to  the  first  main  mode.  The 
design  possibilities  of  a  filter  lay  between  theses 
two  lines.  We  see  that  large  values  of  interesonator- 
spacing  C12  are  suitable,  while  >t  is  more  possible 
varing  the  others.  In  the  last  curve  figure  1 2b  where 
all  interesonator-spacings  vary  simultaneously  of  the 
same  quantity  more  possibilities  are  offered  for  desi¬ 
gning. 

This  method  of  designing  allows,  in  VHT  fiters, 
to  keep  a  sufficient  value  of  plate-back. 

Tuning  method 

From  the  synthesis  of  the  filter,  we  generate  a 
mask  with  adequate  dimensions.  Then  the  major  part  of 
metallization  is  deposited  in  a  first  high  vacuum 
apparatus  by  an  electron  gun.  Plates  are  fitted  on  a 
planetary  system  for  homogeneous  metallization.  Then 
adjustement  of  structures,  mounted  in  their  can,  are 
made  in  a  second  evaporation  system  which  ensures  a 
very  clean  vacuum  (figure  13).  In  this  last  step, 
evaporation  are  made  of  gold  only. 

By  means  of  a  movable  slot  in  front  of  a  mask 
(figure  14)  it  is  possible  to  select  the  different 
areas  of  the  plate  for  metallization.  To  control  the¬ 
ses  adjustements,  a  system,  including  reed-relays, 
and  fitted  on  the  can  leads  of  the  plate  (figure  15) 
inside  the  vacuum  apparatus  permits  all  possible  e- 
lectrical  measures.  It  is  possible  to  put  inductances 
in  parallel  to  eacl  resonator  to  compensate  for  the 
static  capacitances. 

First,  are  tuned  at  the  same  frequency,  resona¬ 
tors.  Then  the  coupling  between  resonators  is  adjus¬ 
ted.  For  these  adjustements,  we  take  into  account  the 
influence  of  surroundings  resonators.  Then  we  tune 
the  frequencies  of  end  resonators  to  take  into  account 
the  static  capacitance  for  one  end  and  the  coupling 
for  the  other  end. 

Finally  we  adjust  the  center  frequency  by  a 
slight  metallization  on  all  areas.  The  method  of 
measurement  employs  a  T  network  with  50  Slloads  asso¬ 
ciated  to  a  network  analyser.  This  is  the  more  accu¬ 
rate  method  when  values  of  motional  resistances  are 
much  smaller  than  50  S2  .  The  system  is  coupled  to  a 
desktop  computer. 

Choosing  as  reference  for  evaluation  of  re¬ 
lative  errors  the  filter  bandwith  (ie  4  KHz),  the 
accuracy  for  the  adjusted  coupling  values  is  about 
.5  %  and  less  than  .3  %  for  the  resonant-frequencies 
of  resonators. 

As  result  we  present  in  figures  17  and  18  the 
insertion  loss  versus  frequency  of  a  twelve-poles. 


bilithic  crystal  filter  which  satisfy  the  l/10eme  CCITT 
specification.  In  fact  13  or  14  resonators  would  allow 
fat  a  better  margin  with  respect  to  the  specifications. 

Conclusion  and  furher  developments 
We  have  shown  that  it  was  possible  to  obtain  very 
good  performances  on  monolithic  crystal  filters  by  way 
of  design  optimization  :  very  high  Q-factors  (up  to 
65COOO)  and  low  spurious  level.  However  high  Q-factors 
are  not  actually  stable  over  a  wide  range  of  tempera¬ 
ture-  Study  of  the  plate-modes  frequencies  versus  tem¬ 
perature  both  therorctically  and  practically  will  in¬ 
dicate  if  it  is  possible  to  prevent  catastrophic  cou¬ 
pling,  in  the  bandwith  of  the  filter,  between  thickness- 
sheart/twist  modes  and  plate  modes. 

We  have  shown  a  method  which  gives  good  results 
to  reduce  the  inharmonic  activity  and  a  very  effective 
rejection  for  the  case  of  bilithic  filters.  For  mono¬ 
lithic  filters,  in  case  of  tight  specifications  it  will 
be  interesting  to  combine  this  method  with  that  descri¬ 
bed  by  Pearman  and  Rennick^. 


The  tuning  method  described  above,  gives  good 
resuls  and  a  rapid  convergence  in  the  case  of  such 
narrow-band  filters. 
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RESONATOR 

Q  *  103 

MOTIONAL 

RESONANT 

MOTIONAL 

TEMPERATURE 

NUMBER 

RESISTANCE (0) 

FREQUENCY(KHa) 

INDUCTANCE (mH) 

°C 

R1 

363.14 

6.68 

8004.  113 

mm 

R2 

363.35 

6.67 

8004.  157 

■Ifer- 1 

R3 

485.30 

5.12 

8004.  225 

St 

R4 

412.92 

6.02 

8004.  227 

10 

R5 

472.41 

4.86 

8004.  247 

45.65 

R6 

423.47 

5.86 

8003.  491 

47.66 

R1 

191.24 

11.76 

8004.  107 

44.72 

R2 

224.71 

11.22 

8004.  16! 

50.13 

R3 

423.02 

5.67 

8004.  213 

47.69 

R4 

146.15 

15.71 

3004.  219 

45.71 

20 

R5 

470.51 

4.91 

8004.  239 

45.94 

R6 

390. 18 

6.20 

8003.  479 

48.11 

R1 

393. 15 

8004.  103 

mmmm 

R2 

361.26 

8004.  155 

BP 

R3 

587.85 

8004.  209 

R4 

497.75 

8004.  215 

47 .70 

24 

R5 

648.02 

3.80 

8004.  231 

48.96 

R6 

503.47 

4.70 

8003.  487 

46.96 

Rl 

536.45 

4.56 

8004.  101 

48.64 

R2 

315.54 

7.81 

8004.  147 

49 

R3 

594.31 

9.07 

8004.  201 

48.10 

R4 

500.33 

4.76 

8004.  204 

47.36 

30 

R5 

611.30 

3.81 

8004.  225 

46.31 

R6 

549.22 

4.31 

8003.  469 

47.07 

Rl 

421.07 

5.74 

8004.  087 

48.06 

R2 

319.01 

7.60 

48.21 

R3 

442.40 

5.70 

8004.  187 

50.14 

R4 

458.74 

5.21 

8004.  197 

47.52 

40 

R5 

536.46 

4.56 

8004.  213 

46.84 

R6 

406.70 

5.60 

800  3  4  55 

45.29 

Rl 

496.74 

4.87 

8004.  079 

48.10 

R2 

336.04 

7.34 

8004.  129 

49.05 

R3 

418.90 

5.81 

8004.  189 

48.39 

R 4 

541.73 

4.45 

8004.  183 

47.93 

50 

R5 

325.14 

7.22 

8004.  201 

46.68 

R6 

251.56 

8.94 

8003.  501 

44.72 

Table  1  : 


Resonators  Q-factors  of  a  typical  monolithic  crystal  structure  for 
some  values  of  temperature. 
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x  ray  topograph  of  the  two  poles  monolithic  crystal  st ructur 
distribution  of  mechanical  energy  of  some  typical  unwanted  modes 


CAS  WHS 


Insertion  loss  versus  frequency  of  a  six  poles  monolithic  crystal  struc¬ 
ture,  showing  the  unwanted  modes  activity  for  various  values  of  S  =  max  (  S  x,ii 
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A  FOUR-FREQUENCY  PROCESS  FOR  ACCURATELY  MEASURING 
COUFLED-KJAL  RESONATOR  CRYSTALS 


G.  E.  Roberts 
General  Electric  Co. 
Lynchburg,  Va.  24502 


Introduction 


In  designing  coupled-dual  crystals  for  filter 
and  discriminator  applications,  inductance,  res¬ 
onator  frequencies,  Q,  coupling,  and  perhaps 
spurious  are  usually  the  major  parameters  under 
consideration.  In  processing  a  coupled-dual 
crystal,  the  major  parameters  under  consideration 
are  resonator  frequencies  and  coupling.  If  the 
conventional  two-mesh  equivalent  circuit  of  a 
coupled-dual  crystal  is  considered,  each  resona¬ 
tor  ideally  could  be  monitored  directly  by 
physically  open-circuiting  the  other  mesh  since 
that  was  done  hypothetically  in  defining  the 
resonator  frequencies.  In  practice,  this  con¬ 
dition  is  approximated  by  placing  an  external 
inductance,  so  called  neutralizing  inductance, 
across  the  static  pin-to-pin  capacitance  C0  in 
the  mesh  to  be  ooen-circuited  and  then  tuning 
the  parallel  combination  to  the  nominal  frequency 
of  the  resonator  to  be  measured.  This  method  for 
measuring  resonator  frequencies  is  undesirable 
due  to  accuracy,  repeatability,  and  calibration 
problems  [1,2]. 

Another  method  of  monitoring  resonator 
frequency  [1]  is  to  leave  the  resonator  not  being 
measured  open-circuited.  This  terminates  this 
resonator  with  its  C0  and  mistunes  the  resonator 
to  be  measured.  From  the  equivalent  circuit,  the 
nominal  frequency  of  the  mistuned  resonator  to  be 
measured  can  be  calculated.  This  frequency  is 
referred  to  as  the  tuning  frequency  of  that  res¬ 
onator.  From  a  circuit  point  of  view,  the  tuning 
frequency  of  either  of  the  two  resonators  occurs 
at  the  lowest  frequency  of  the  two  zeros  of  the 
input  impedance  to  the  resonator  in  question. 

The  measured  tuning  frequency  of  each  resonator 
is  then  compared  to  the  nominal  value  to  deter¬ 
mine  if  each  resonator  is  at  its  correct  fre¬ 
quency.  Although  this  method  is  much  better 
than  the  neutralizing  inductance  method,  timing 
frequency  is  a  function  of  the  value  of  the  C0 
across  the  resonator  not  being  measured.  Vari¬ 
ations  in  C0  caused  by  crystal  base  variations 
and  differences  in  the  measurement  fixtures  from 
unit  to  unit  can  cause  undesirable  errors  in  the 
measured  tuning  frequencies. 

The  value  of  coupling  is  normally  con¬ 
sidered  as  the  frequency  difference  between  the 
two  zeros  of  the  input  impedance  of  one  resona¬ 
tor  with  the  G0  of  the  other  resonator  short- 


circuited.  Use  is  often  made  of  the  individual 
positions  of  these  two  zeros  in  handling  coupling. 
If  both  resonators  are  on  the  same  frequency,  the 
short-circuit  zeros  are  equally  spaced  above  and 
beiow  that  frequency  with  the  distance  between 
them  being  the  value  of  coupling.  If  one  resona¬ 
tor  frequency  is  plated  below  the  other,  the 
distance  between  the  short-circuit  zeros  becomes 
larger.  Although  this  method  of  determining 
coupling  is  useful,  coupling  is  a  function  of  the 
resonant  frequencies  as  well  as  the  resonator 
configuration  and  plateback.  Since  the  resona¬ 
tors  can  differ  in  frequency  at  a  given  stage 
in  the  process  of  a  coupled-dual,  J>e  intrinsic 
coupling  of  a  crystal,  as  determined  when  both 
resonators  are  on  the  same  frequency,  is  unknown. 

This  intrinsic  coupling  called  synchronous 
peak  separation  frequency,  in  this  paper,  is 
defined  as  the  absolute  value  of  the  diffrence 
between  the  frequencies  of  the  two  short-circuit 
zeros  that  would  occur  if  the  two  resonators 
were  tuned  to  the  same  resonant  frequency.  This 
resonant  frequency  is  given  by  the  geometric 
mean  of  the  frequencies  cf  the  two  short-circuit 
zeros. 

In  this  paper,  a  new  measurement  method  [3] 
for  accurately  determining  the  two  resonator 
frequencies  of  a  coupled-dual  resonator  crystal 
and  the  synchronous  peak  separation  frequency 
is  discussed  along  with  a  brief  derivation  of 
the  relevant  expressions  in  terms  of  the  four 
frequencies  that  are  measured.  The  method 
itself  assumes  the  conventional  mesh  equivalent 
circuit  of  a  coupled-dual  crystal.  The  results 
are  independent  of  the  specific  value  of  the 
static  capacitance  of  each  resonator  and  inde¬ 
pendent  of  the  specific  value  of  the  mesh  induct¬ 
ances.  This  eliminates  the  need  to  tune  the 
test  fixture  used  to  measure  the  crystal. 

Another  advantage  of  this  measurement  method 
is  the  fact  that  only  one  resonator  need  be 
monitored  to  obtain  the  frequency  of  both  res¬ 
onators  and  the  synchronous  peak  separation 
frequency.  This  feature  causes  the  measurement 
method  to  be  easily  automated.  Since  the 
results  of  this  method  are  independent  of  the 
specific  values  of  static  capacitance  and  mesh 
inductance,  it  can  be  used  at  any  step  in  the 
crystal  process  from  baseplate  to  final  frequency. 
Finally,  the  most  significant  feature  of  this 
measurement  method  is  its  inherent  ease  of  cal¬ 
ibration,  its  accuracy,  and  its  repeatability. 
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Derivation  of  Method 

The  basic  problem  is  to  look  at  the  driving- 
point  impedance  of  the  standard  capacitive-T 
equivalent  circuit  of  a  coupled-dual  shown  in 
Fig.  1  with  the  output  short-circuited.  A 
convenient  form  of  this  impedance  is  given  in 
the  following  equation 


Like  terms  are  then  equated  to  obtain 
Au  =1/  (L2c12)+]  f  <L2C2)+1/  <l1Ci>+1/  (Lici2>  > 


VVfl2_ 

L1L2C1C2C12 


1/Z0'C01S+ 


°lls3  *>22S 
eilS  +622S  +633S 


“ll  “  L2C1C2C12’ 


coi(BirAn)  =  1/Lr 


C01(B22_A22) 


C1C2+C12C1 

L1L2C1C2C12 


a22  ~  C1C2+C12C1 


611  °  L1L2C1C2C12 


822  "  LlClC2+LlClC12+L2C2C12+L2ClC2 


633  '  Cl+C2+C12  . 


B22~A22  =  ClC2+Ci2Cl 

Bll“All  L2C1C2C12 


From  £q.  (8),  it  is  seen  that  B-resor.ator 
frequency  is  given  by 


form  of  Zq  is  given  by  the  following 

2  C2+C12 

B22-A22  , 

4444 

(9) 

B  L~C, _C_ 
2  12  2 

BirAn 

4*4*44 

equations 


z  =  s  +Ans  +A22 
0  C01(s5+BllS3+B22s) 


f2f2_f2f2 
f2  „  2*4  *1*3  _ 

B  q+'i-'i-ti 


(s2+u2)  (s2+W2) 
C01s(s2+u2)(s2+u2) 


A11  "  “1  +  4 


A22  =  44 


B11  “  “2  +  4 


B22  =  44 


Equation  (2)  is  then  put  in  the  form  of  Eq.  (1) 
by  using  a  Cauer  expansion 


coi(BirAu)(s3+Ys) 

l/z  =C01s+  01  11  11 - , 

sl*+Alls2+A22 


Combining  Eq.  (9)  and  Eq.  (A),  the  A- resonator 
frequency  is  obtained  as 


,  2  C12+€l  2 

A11  -  4  =  777"  ”  “a 

Lri  12 


Therefore, 


f 2  -  f2+j2_f2 

a  rl  3  B 


Looking  at  Eq.  (3),  it  can  be  seen  that 


where  Z_ 


l/20  =  C01s  +  1/ZC, 
L1(s4+A11s2+A22) 


S'  +  WgS 


If  Zc  were  expanded  in  a  Cauer  Expansion, 
the  circuit  would  be  of  the  form  shown  in 
Fig.  2a,  where  Ca  has  the  form 


Y=  (B22-A22>/(BirAn)- 
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as  shown  to  Fig.  ?b.  Comparing  Fig.  2b  and  Next  we  define  a  frequency  uL  as 

Fig.  2c,  we  see  that 


7  «  7 

D  V 

By  equating  corresponding  parts 

(16) 

,  ve  obtain 

<  "  l/(ci2ILit2l1/2) 

and  synchronous  peak  separation  frequency 

(30) 

l2c2  ■  yyss 

(17) 

Af„,  as 

Stn  ■  fL/£0- 

The  coupling  coefficient,  k->2,  is 

(31) 

C12C2L2”  LpCp°x 

(18) 

CU*l  '  Cx 

(19) 

We  can  then  find  Cx2,  C2  and  Cx 
L2,  Cp  as  follows 

in  terms  of  Lp, 

k12  “  AW 

Therefore, 

(32) 

C12  ‘  WL2,1/2 

(20) 

Afn  ■  ff^B-fif23^/2/f0- 

(33) 

c2  -  Ci22/(cp-c12) 

(21) 

If  we  define  as 

Cx  “  C12  +  C2 

(22) 

l/*> 

f0  ■  iw  • 

(34) 

It  can  also  be  seen  from  Fig,  2b  and  2c  that 
“B  ■  1/(LPy  ’  J/tL2Cc12C2)/(C12+C2>]  (23) 

Combining  Eqs.  (20),  and  (23),  we  obtain 


then 

Afn"  lfa1-fif3)1/2/fflf3]1/2 


(35) 


12 


Wu\ 


k12“  Afn/f0“  (36> 


From  the  Cauer  Expansion  of  Eq.  (14),  C-,  can 
be  obtained  as 

Cp  -  1/0-1  lA^uj!  "  A22/“b1)*  (25) 

Combining  Eqs.  (24)  and  (25),  we  obtain 

C12  ’  1/(LlL2“B[Air“B-A22/“BJ)1/2  <26> 

then 

C12(LlL2)l/2  -  l/[(o2(Au-u2-A22/a)2)]1/7'  (27) 

but  a)7  m  An  "  UB  ^rom  &!•  (21)  which  produces 

C12[LiL2]1/2  -  l/[m2u2-A22]1/2  (28) 

Therefore, 

i/(Ci2(LiL2)  )  -  [u2u2  -  a22) 

-  [(A)2  _  ^2] !/?•  (29) 

o  a  I  j 


At  this  point  fa,  fj>,  Afn,  and  k22  are 
Independent  of  the  value  of  Cqx  and  also  do 
not  require  that  the  value  of  Lx  or  L2  be 
known.  No  assumption  regarding  Lx  and  L2  have 
been  made  up  to  this  point. 

If  the  B-side  in  Fig.  la  is  short-circuited 
to  ground  and  the  A-side  is  driven,  then  the 
A-side  driving-point  impedance  in  Eq.  2  has  the 
following  coefficients: 


A11  "  1/(l2c12)  +  !/(L2c2) 

+  l/(LiCi)  +  1/ (37) 

A22  “  l-/(L1L2C2Ci2)  +  l/d^CiC^) 

J-  l/a^C^)  (38) 

Bn  -  i/(l2c12)  +  i/(i.2c2) 

+  l/a^i)  +  1/(LiCi2) 

+  l/axCul)  (39) 
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B22  “  1/aiL2C2C12)  +  1/(L1,'2C1C2) 

+  l/a^C^j)  +  1/(L1^2C12C01)  (40) 

However,  from  Eq.  2 

Au  -  (2!!)2(f2+f2)  (41) 

Bn  =  (2!I)2(£2+f2)  (42) 

A22  -  (2ll),,(f2£|)  (43) 

B22  =  (2n)“(f2f2)  (44) 


where  fj  and  are  the  zeros  of  the  short- 
circuit  driving-point  impedance,  ii  and  f /,  are 
the  poles  of  the  short-circuit  driving-point 
impedance.  Equations  (10)  and  (12)  hold  for 
fa  and  fg  and  Equation  (35)  holds  for 
synchronous  peak  separation. 

Suppose  we  next  look  at  the  numerator 
coefficients  of  the  A-side  driving-point 
impedance  with  the  B-side  open-circuited  and 
the  numerator  coefficients  of  the  B-side  driving 
point  impedance  with  the  A-side  short-circuited. 

The  numerator  coefficients  of  the  A-side 
driving  point  impedance  with  the  B-side  open- 
circuited  is  merely  (37)  and  (38)  with 

C20  =  <C2C02)/(C2+C02>  (45) 

replacing  03.  Therefore,  we  will  denote  these 
equations  as 

a21  =  i/a2c12)  +  i/a2c2) 

+  1/(L?C02)  +  1/(1.^) 

+  1/(LlC12)  (46) 


A22  -  1/ (L1L2CjlC12)  +  1/(l1l2C02C12) 

+  1/(L1L2C1C12)  +  1/(L1L2C1C2) 

+  ^WlV  (47) 

These  are  also  the  coefficients  of  the  denominator 
of  the  driving  point  impedance  if  the  B-side  were 
driven  and  the  A-side  short-circuited. 

The  numerator  coefficients  of  the  driving- 
point  impedance  of  the  A-side  with  the  B-side 
short-circuited  are  already  given  in  (37)  and 
(38).  It  can  be  shown  in  a  manner  similar  to 


Che  derivation  of  Equations  (10),  (12),  and 
(35)  that 

fj  =  (f2f2-f2f2)/(f|hf2  -  f2-f2) 
or 

fa  =  t(f2f4_flf3)/(f2+f4  ~  Cl_f3> jX/* *  (43) 

fR  =  [f2+f2-f2]1/2  (49) 

o  1  J  a 

and 

Af  -  ff2f2  -  f 2f2i1/2/[f  f  j1/2  (50) 

n  a  d  Id  1  J 

where  f^  and  fj  are  the  zeros  of  the  A-side 
driving-point  impedance  function  with  the 
B-side  short-circuited,  and  f2  and  f^  are  now 
the  zeros  of  the  A-side  driving-point  impedance 
function  with  the  B-side  open-circuited.  With¬ 
out  loss  of  generality,  C02  may  consist  of  the 
static  pin-to-pin  capacitance  of  the  crystal 
in  parallel  with  an  external  capacitor  which 
could  be  used  to  place  f2  and  f 4  in  more 
convenient  positions  for  measurement  purposes. 

The  Measurement  Fixture 

From  Equations  (48),  (49),  and  (50),  we 
see  that  fa,  fg,  and  Afn  can  be  calculated 
using  the  zeros,  f2  and  f^,  of  the  A-side 
driving-point  impedance  with  the  B-side  open- 
circuited  and  the  zeros,  f2  and  f3,  of  the 
A-side  driving-point  impedance  with  the  B-side 
short-circuited.  One  simple  method  of  dis¬ 
playing  these  frequencies  is  by  means  of  a 
voltage  divider  type  network  shown  in  Fig.  3 
in  which  the  driving-point  impedance  whose 
zeros  are  to  be  measured  is  put  in  the  series 
arm.  This  results  in  resonances  appearing  at 
f2  and  f^  when  the  A-side  driving-point  impedance 
is  displayed  with  the  B-side  open-circuited  and 
and  fj  when  this  same  impedance  is  displayed 
with  the  B-side  short-circuited.  A  complete 
fixture  is  shown  in  Fig.  4. 

A  frequency  synthesizer  is  connected  to 
J1  in  Fig.  4  and  a  vector  voltmeter's  A  and  B 
probes  are  connected  to  J2  and  J3,  respectively. 
When  the  synthesizer  is  swept  over  the  frequency 
range  of  interest  with  switch  SI  open,  the 
frequencies,  f2  and  f^,  occur  where  the  WM's 
B-probe  voltage  is  at  zero  phase  in  the  neighbor¬ 
hood  of  specific  maximum  voltage  amplitudes  shown 
in  Fig.  5b.  These  relative  maxima  may  or  may 
not  have  the  same  magnitude.  When  SI  is  closed, 
and  £3  occur  where  the  VVM's  B-probe  voltage 
is  at  zero  phase  in  the  neighborhood  of  specific 
maximum  voltage  amplitudes  shown  in  Fig.  5a. 

As  a  check,  the  following  inequalities  should 
be  valid 

fl<f2<f3<f4 


The  values  of  fj_,  f2»  fj»  and  f /,  can  then  be 
used  to  calculate  fa,  fg,  and  Afn, 

Results  and  Conclusions 

A  group  of  9  crystals  at  21.4  Ifflz  were 
measured  on  3  separate  fixtures  designated 
as  fixture  No.  1,  fixture  No.  2,  and  fixture 
No.  3.  The  crystals  were  re-measured  four 
hours  later  on  fixture  No.  1.  The  three  fix¬ 
tures  were  not  tuned  or  adjusted  in  any  way. 

A  51-ohm  1/4-watt  carbon  resistor  was  used  to 
zero  the  WM.  The  mean  and  standard  deviation 
of  the  difference  between  the  fa's,  fg's,  and 
Afn*s  of  the  crystals  read  on  fixture  No.  1 
and  the  fa's,  fg's,  and  Afn's  of  the  corre¬ 
sponding  crystals  read  on  fixture  No.  1  four 
hours  later  are  shown  below.  Similar  results 
are  shovm  comparing  the  values  of  fa,  fg,  and 
Afn  obtained  initially  from  fixture  No.  1  with 
those  calculated  from  data  on  corresponding 
crystals  on  fixture  No.  2  and  No.  3,  respec¬ 
tively. 

Comparing  results  of  fixture  No.  1  with 
the  results  of  fixture  No.  1  obtained  4  hours 
later: 


Mean  of 
the 

Difference 

(Hz) 

Standard  Deviation 
of  the 
Difference 
(Hz) 

£a 

-1.53 

18.35 

fB 

-9.96 

15.59 

Af 

n 

-2.02 

12.07 

Comparing  the  results  of  fixture  No.  1  with 
the  results  of  fixture  No.  2: 

Mean  of 
the 

Difference 

(Hz) 

Standard  Deviation 
of  the 
Difference 
(Hz) 

£a 

10.02 

6.53 

£b 

-2.04 

9.54 

Af 

n 

-1.39 

4.60 

Comparing  results  of 
results  of  No.  3: 

fixture  No.  1  with  the 

Mean  of 
the 

Difference 

(Hz) 

Standard  Deviation 
of  the 
Difference 
(Hz) 

£a 

4.37 

6.32 

fB 

-3.28 

4.58 

Af 

n 

-  .71 

12.65 

Another  group  of  30  crystals  at  20.2  MHz 
were  measured  the  same  way  over  a  period  of 
several  days  by  different  operators  using  a 
different  fixture  No.  3. 

Comparing  results  of  fixture  No.  1  with  the 
results  obtained  one  day  later  on  fixture  No.  1: 


Mean  of 
the 

Difference 

(Hz) 

Standard  Deviation 
of  the 
Difference 
(Hz) 

£a 

-3.17 

18.49 

fB 

8.37 

19.62 

Af 

a 

-3.14 

9.85 

Comparing  results  of 
results  of  fixture  No 

fixture  No.  1  with  the 
.  2: 

Mean  of 
the 

Difference 

(Hz) 

Standard  Deviation 
of  the 
Difference 
(Hz) 

£a 

1.32 

20.11 

fB 

5.64 

21.89 

Af 

n 

-1.62 

9.42 

Comparing  results  of  fixture  No.  1  with  the 
results  of  fixture  No.  3: 

Mean  of 
the 

Difference 

(Hz) 

Standard  Deviation 
of  the 
Difference 
(Hz) 

£a 

-3.32 

18.85 

fB 

5.02 

22.45 

Af 

n 

-3.27 

10.28 

Therefore,  it  can  be  seen  that  the  repeat¬ 
ability  among  three  fixtures  is  essentially  the 
same  as  that  using  one  fixture  twice.  The  only 
calibration  consisted  of  calibrating  the  phase 
meter  on  the  VVM.  Based  on  similar  data  from 
neutralizing  inductance  fixtures,  this  four- 
frequency  method  is  well  over  an  order  of  magni¬ 
tude  better.  Of  course,  this  four  frequency 
process  has  the  capability  of  measuring  synchro¬ 
nous  peak  separation  frequency  as  well. 

Since  the  equations  of  fa,  fg,  and  Afn 
are  independent  of  the  specific  value  of  the 
static  capacitance  and  mesh  inductance  of  each 
resonator,  the  need  to  tune  this  test  fixture 
used  to  monitor  the  crystal  is  eliminated  making 
the  measurement  process  inherently  very  accurate. 
Also,  it  can  be  seen  that  the  equations  and 
measuring  process  are  valid  for  measuring 
coupled-dual  resonator  crystals  at  any  step  in 
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the  crystal  process  after  baseplate.  Results 
at  four  steps  in  the  process  of  a  sample  coupled- 
dual  crystal  is  shown  below: 

After  Baseplate: 

fx  -  21467718  f3  =  21479841 

f2  =  21470374  f4  =  21484657 

f  »  21473738  f_  »  21473822 

a  D 

Af  =  12123 
n 

After  Nickel  Plate: 

fx  =  21397690  f3  -  21407342 

f2  =  21400818  f4  -  21411839 

£  =  21403494  £_  *»  21401539 

a  t> 

Af  =  9452 
n 

After  Freq,  Plate: 

fx  =  21390347  f3  =  21399480 

f2  »  21392129  f4  =  21405274 

£  «  21393858  f_  =  21395970 

a  D 

Af  -  8885 
n 

After  Seal: 

f,  =  21390686  f3  =  21399805 

f2  =  21392487  f4  -  21405486 

fa  -  21394248  fB  =  21396244 

Af  -  8898 
n 

By  being  able  to  monitor  each  step  in  the 
process,  a  process  profile  can  be  developed 
during  the  design  cycle  such  that  the  manu¬ 
facture  of  the  crystal  can  be  closely  controlled 
by  in-line  testing.  Since  only  one  resonator 
need  be  monitored  to  obtain  the  two  resonator 
frequencies  and  the  synchronous  peak  separation 
frequency,  the  measurement  process  is  easily 
automated  making  it  an  extremely  powerful  tool 
for  both  Engineering  and  Manufacturing. 
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1  (b) 

FIG.  I. 

CAPACITIVE-T  EQUIVALENT  CIRCUIT  OF  A 
COUPLED- DUAL  CRYSTAL  (a)  WITH  THE 
B-RESONATCR  SHCRT-CIRCUITED,  (b)  WITH 
THE  B-RESGNATOR  OPEN-CIRCUITED. 


FIG.  2. 

TRANSFORMATION  FROM  A  CAUER  EXPANSION  TO 
CAPACITIVE-T  EQUIVALENT  CIRCUITS. 


FIG.  3.  VOLTAGE -DIVIDER  NETWORKS 
DISPLAYING  THE  ZERCS  CF 
THE  DRIVING-POINT  IMPEDANCE. 


J2 


FIG.  4.  FIXTURE  FOR  MEASURING  fa.  fB,  Afn. 


Fz  F4  FREQUENCY 


<t>) 


FIG.  5. 

TYPICAL  RESPONSE  OF  COUPLED -DUAL  CRYSTAL  IN 
TEST  FIXTURE  WITH  (a)  SI  CLOSED  AND 
(b)  SI  OPEN. 
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Abstract 

A,  new  generation  of  Bell  System 
discrete  crystal  filters  (DCFs)  has  been 
developed  for  use  as  channel  filters. 
There  are  three  basic  designs:  two  are 
for  domestic  Bell  System  use  and  the 
third  is  for  applications  where  the 
CCITT  requirements  must  be  met. 

These  three  DCF  designs  are  bal¬ 
anced,  single- lattice  filters  with 
inductor-capacitor  end  sections.  When 
compared  to  their  predecessors,  volume 
reductions  of  greater  than  10  to  1  and 
superior  electrical  characteristics  have 
been  achieved. 

The  lattices  are  realized  with 
resonator  designs  consisting  of  +5°  X- 
cut  quartz  crystals  with  divided  elec¬ 
trodes  covering  the  frequency  range  of 
60  to  130  kHz.  These  designs  make  use 
of  a  planar  mounting  structure  wherein 
each  resonator  is  attached  to  two  rails. 
The  rails  mechanically  terminate  the 
resonator  wires  facilitating  electrical 
measurements.  The  tuned  resonators  are 
mounted  in  carriers  which  provide  both 
electrical  interconnections  and  protec¬ 
tion  for  the  crystal  plates. 

Results  of  Monte  Carlo  statistical 
analysis  are  compared  with  measured 
filter  performance. 

Introduction 

This  paper  describes  a  new  genera¬ 
tion  of  Bell  System  analog  channel 
filters.  These  filters  are  a  further 
development  of  quartz  crystal  filter 


technology.  The  Bell  System  pioneered 
the  use  of  quartz  crystal  resonators  in 
filters  and,  through  continuous  develop¬ 
ment,  has  kept  this  technology  competi¬ 
tive  for  channel  filters  within  the  Bell 
System  [1].  This  latest  family  of 
discrete  crystal  filters  (DCFs)  has  two 
members  for  domestic  Bell  System  use  and 
a  third  member  that  meets  international 
(CCITT)  requirements. 

One  of  the  two  domestic  Bell  System 
DCFs  to  be  described  will  be  used  in  the 
Western  Electric  Company  N4  Carrier  Sys¬ 
tem  [2]  which  is  the  latest  version  of  a 
series  of  short-haul,  analog,  carrier 
systems  designated  as  "N-type.M  The 
other  domestic  Bell  System  DCF  is  being 
used  in  the  Western  Electric  Company 
LT-1  connector  [3],  The  LT-1  Connector 
is  a  transmultiplexer  that  efficiently 
interfaces  L-type,  long-haul,  analog 
carrier  systems  to  T-type,  digital  car¬ 
rier  systems  or  digital  switching  sys¬ 
tems. 

The  third  DCF  to  be  described  is 
used  in  applications  where  the  more 
stringent  CCITT  requirements  must  be 
met;  e.g.,  in  the  Western  Electric  Com¬ 
pany  A7E  Channel  Bank. 

These  three,  new,  DCF  designs  are 
balanced,  equivalent-lattice  filters 
with  inductor-capacitor  end  sections. 
Each  filter  has  a  single,  equivalent- 
lattice  realized  with  split-electrode, 
quartz  crystal  resonators  in  new  minia¬ 
ture  mounting  structures.  These  new 
mounting  structures  hold  multiple  reso¬ 
nators  in  a  volume-efficient  manner.  A 
differential  capacitor  is  used  to 
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balance  the  equivalent  capaitance  bridge 
of  each  filter  design. 

Requirements 

Channel  filters  for  frequency  divi¬ 
sion  multiplex  (FDM)  systems  provide  the 
band  selection  needed  to  multiplex  or 
demultiplex  twelve  vo-ice  channels  (200 
to  3400  Hz)  into  or  from  the  60  to  103 
kHz  basic  group  band.  See  Fig.  1.  Sin¬ 
gle  sideband  suppressed  carrier  modula¬ 
tion  (lower  sideband)  using  twelve  car¬ 
riers  at  4  kHz  intervals  is  the  world 
standard  for  the  basic  group  band.  The 
N4  and  LT-1  equipments  use  direct  modu¬ 
lation  into  the  basic  group  band  and 
provide  for  in-band  signaling  (2600  Hz)  . 
The  channel  filter  requirements  for  this 
architecture  are  met  by  twelve  DCF 
designs  with  four  crystal  resonators 
each;  The  Western  Electric  A7E  Channel 
Bank  uses  two  steps  to  modulate  voice 
channels  into  the  basic  group  band  and 
provides  out-of-band  signaling  (3825 
Hz) .  The  channel  filter  requirements 
for  this  architecture  are  met  by  a  sin¬ 
gle  DCF  design  with  six  crystal  resona¬ 
tors. 

The  Renaissance  of  an  Old  Technology 

Since  1938  the  Bell  System  has  used 
DCFs  as  channel  filters  wherever  direct 
modulation  of  the  twelve  voice  channels 
to  the  60  to  108  kHz  basic  group  band 
was  appropriate.  The  newly  designed 
DCFs  described  in  this  paper  have  main¬ 
tained  this  trend.  They  are  smaller  and 
have  superior  response  characteristics 
compared  to  previous  DCFs.  However,  the 
monolithic  crystal  channel  filter,  or 
MCF ,  which  was  introduced  in  1972  and 
utilizes  a  second  step  of  modulation  at 
8  MHz,  is  still  the  most  compact  analog 
channel  filter  used  in  the  world  today 
14]. 

One  of  the  electrical  design  tech¬ 
niques  that  contributed  to  the  success¬ 
ful  development  of  the  new  DCFs  was  the 
application  of  insertion-loss  synthesis 
methods  to  the  topology  of  the  old  DCFs 
which  had  been  designed  on  an  image 
parameter  basis.  This  enabled  the 
achievement  of  superior  response  charac¬ 
teristics.  The  Bell  Laboratories  gen¬ 
eral  purpose  synthesis  program,  which 
was  expanded  to  include  lattice  filters, 
allowed  quick  analysis  of  design  trade¬ 
offs  during  the  development  process. 

Another  design  tool  that  contri¬ 
buted  to  the  DCF  development  was  a  gen¬ 
eral  purpose  network  analysis  program 


with  Monte  Carlo  statistical  analysis 
capabilities.  Computer  models  of  the 
DCFs  were  developed  to  analyze  the  sta¬ 
tistical  distributions  of  the  component 
parameters  using  Monte  Carlo  techniques. 
This  increasfd  confidence  in  meeting  all 
systems  requirements,  allowed  tolerances 
to  be  accurately  specified  and  optimum 
tuning  algorithms  to  be  chosen. 

Electrical  Performance 

The  schematics  of  the  two  types  of 
filters  are  shown  in  Fig.  2.  At  the  top 
is  the  representation  of  the  M4/LT-1  DCF 
exhibiting  the  four  split-electrode  cry¬ 
stal  resonators,  Y1  through  Y4,  the  bal¬ 
anced  LC  end  sections  and  the  differen¬ 
tial  balancing  capacitor.  Below  is  the 
schematic  of  the  A7E  DCF.  It  is  similar 
to  the  first;  the  differences  being  two 
more  resonators  and  transformer  input 
and  output  rather  than  balanced,  series 
indue  tors. 

The  discrimination  and  insertion 
loss  distortion  characteristics  for  an 
A7E  DCF  are  shown  in  Fig.  3.  These 
curves  are  typical  of  the  manufactured 
product  at  room  temperature.  Tempera¬ 
ture  variation  will  cause  the  loss 
peaks,  particularly  those  farthest  from 
the  passband,  to  move  somewhat;  but  the 
sharp  discrimination  skirts  and  high 
stopband  loss  are  maintained,  Monte 
Carlo  analyses  and  environmental  tests 
show  the  filter  to  be  very  stable. 

Fig.  4  is  a  representation  of  the 
group  delay  of  an  A7E  DCF.  As  can  be 
seen,  the  group  delay  distortion  is  well 
within  the  CCITT  Recommendation  G232C. 

The  insertion  loss  response  charac¬ 
teristic  of  a  typical  LT-1  DCF  at  25°  C 
is  shown  in  Fig.  5.  The  stopbands  and 
an  expanded  representation  of  the 
passband  are  exhibited.  The  response 
characteristic  of  an  N4  DCF  is  not 
shown,  as  it  is  very  similar 'to  the  LT-1 
DCF  characteristic  in  Fig.  5.  The  stop- 
band  loss  peak  locations  are  slightly 
different  for  the  two  designs,  and  the 
passband  of  the  N4  DCF  is  approximately 
100  Hz  wider  than  the  passband  of  the 
LT-1  DCF. 

The  results  of  a  Monte  Carlo 
analysis  of  the  LT-1  DCF  design.  Figures 
6  and  7,  show  the  envelopes  of  the 
expected  discrimination  distribution  of 
500  random  filters.  These  filters  were 
"constructed"  theoretically  utilizing 
the  statistics  of  manufacture  and  then 
made  to  experience  temperature  variation 
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and  long  term  aging,  also  on  a  statisti¬ 
cal  basis.  This  analysis  indicates  that 
the  design  goal  of  ensuring  that  95%  of 
the  filters  meet  their  end-of-life 
objectives  was  achieved. 

Physical  Design 

Equal  in  importance  to  the 
described  electrical  design  achievements 
were  the  breakthroughs  in  physical 
design  that  enabled  the  great  reduction 
in  size  compared  to  previous  DCFs. 

A  significant  contribution  to  the 
volume  reduction  was  the  design  of  a 
small,  slug-tuned,  magnetic  component 
which  incorporates  the  ISC  standard  RI4-5 
ferrite  cup-ccre.  This  inductor  has  a 
TCL  of  +100  PPM/C0.  Ceramic  temperature 
compensating  capacitors  are  used  in  con¬ 
junction  with  these  inductors. 

The  heart  of  the  volume  reduction 
was  the  repackaging  of  the  crystal 
assembly.  This  design  work  is  covered 
in  the  next  section. 

Crystal  Resonator  Assembl ies 

The  resonator  designs  consist  of 
+5°  X~cut  quartz  crystals  covering  the 
frequency  range  of  60  to  108  kHz  for  the 
N4  and  LT-1  Systems  and  128  to  132  kH2 
for  the  A7E  Channel  Bank.  The  induc¬ 
tances  of  the  resonators  range  between 
20  and  300  henries. 

The  quartz  blanks  used  are  finished 
with  a  12  micron  abrasive  and  after 
cleaning  and  etching  they  are  metal ized 
with  nichrome-gold.  Headed  mounting 
wires  are  soldered  directly  to  this 
film.  The  wires  are  terminated  at  an 
odd  quarter  wavelength  by  soldering  them 
to  metal ized  epoxy-glass  rails.  Typical 
resonator  assemblies  are  shown  in  Figure 
8. 

The  resonators  are  adjusted  to  fre¬ 
quency  in  this  configuration  and  then 
tested  for  frequency,  resistance  and 
inductance.  The  measurement  equipment 
consists  of  a  broadband  crystal  oscilla¬ 
tor,  frequency  counter  and  digital 
voltmeter;  all  controlled  by  a  programm¬ 
able  calculator.  Lot  statistics  are 
also  computed  by  the  calculator  thus 
permitting  close  monitoring  of  the 
processes  which  control  the  crystal 
parameters. 

The  resonator  assemblies  are 
secured  to  carriers  with  conductive 
epoxy.  The  result  is  the  crystal 


networks  shown  in  Figure  9.  The  conduc¬ 
tive  epoxy  and  mounting  posts  provide 
the  electrical  interconnections  between 
the  resonators  while  the  carrier  affords 
a  measure  of  protection  for  the  crystal 
plates  during  handling. 

The  crystal  networks  are  then 
tested  electrically.  For  these  tests 
the  selectivity  of  a  remotely  programmed 
frequency  synthesizer  is  required 
because  the  rescnators  are  now  connected 
in  parallel.  Networks  that  pass  are 
given  a  final  visual  and  mechanical 
check  prior  to  filter  assembly. 

The  open  mounting  of  multiple  reso¬ 
nators  in  a  plastic,  protective  carrier 
allows  very  dense  packaging,  while  main¬ 
taining  stable,  accurately  adjusted  cry¬ 
stal  parameters.  This  technique  contri¬ 
buted  a  great  deal  to  the  size  reduction 
of  these  filters  compared  to  previous 
DCFs. 

Conclusion 

The  new  DCFs  for  Boll  System  analog 
channel  banks  have  been  described. 
These  DCFs  are  of  two  types:  a  six- 
resonator  design  meeting  CCITT  system 
requirements  and  two  four- resonator 
designs  meeting  Bell  System  require¬ 
ments.  The  electrical  and  physical 
design  methods  and  results  have  been 
covered.  The  new  crystal  assembly 
designs  have  been  shown.  The  crystal 
assemblies  and  the  other  components  are 
mounted  on  a  printed  circuit  board  and 
are  enclosed  in  a  can  which  is  designed 
to  mount  onto  a  plug-in  printed  circuit 
board.  Fig.  10  shows  the  packages  of 
the  two  filter  designs.  The  filter  on 
the  left  is  the  A7E  DCF.  The  two  cry¬ 
stal  assemblies  of  three  resonators  each 
can  be  seen  with  the  capacitors  mounted 
between  them.  At  the  ends  of  the  unit 
are  the  magnetic  components.  On  the 
right  is  a  model  of  the  N4/LT-1  DCF. 
The  physical  similarities  to  the  A7E  DCF 
are  obvious.  The  exception  is  the  sin¬ 
gle,  four- resonator  crystal  assembly 
rather  than  the  pair  of  three-resonator 
assemblies.  This  particular  filter  is  a 
model  of  the  DCF  which  passes  the  50.6 
to  63.8  kHz  band;  therefore,  the  crystal 
resonators  are  the  maximum  length  of  the 
twelve  filter  designs. 
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Summary 

Principles  of  operation,  design  prob¬ 
lems  and  procedure  of  single  silicon  beam 
electromechanical  filters  design  are  pre¬ 
sented.  Using  the  proposed  procedure  very 
selective  bandpass  filter  for  51.825  kHz 
Is  designed  and  Its  application  In  multi¬ 
channel  telephony  systems  Is  discussed. 

In  troduct I  on 

Recently  developed  silicon  beam  fil¬ 
ters1  .2  represent  the  special  kind  of  very 
selective  electromechanical  filters  suita¬ 
ble  for  low  frequencies  and  Integration.  For 
the  selection  of  the  desired  frequency 
range  the  mechanical  resonance  of  silicon 
beam  Is  used.  This  paper  will  deal  with 
design  procedure  and  application  of  such 
filters,  but  a  brief  review  of  the  princi¬ 
ples  of  operation  is  also  given  to  provide 
better  understanding. 

Principles  of  Operation 

A  single  silicon  beam  filter  consists 
of  a  thin  silicon  beam  cantilevered  over  a 
metal  plate,  as  is  shown  in  Fiq.  1.1  On  the 
top  side  of  the  silicon  beam  at  its  free 
end  an  aluminum  film  Is  deposited.  The  film 
and  the  metal  plate  form  the  input  transdu¬ 
cer.  The  output  transducer  is  the  piezore- 
slstive  bridge  formed  by  four  equal  resis¬ 
tors  placed  at  the  cantilevered  end  of  the 
beam.  The  input  signal  applied  to  the  input 
transducer  will  cause  the  vibration  of  the 
silicon  beam.  The  vibrations  are  sensed  by 
the  p  lezores I st I ve  bridge  which  is  In  ba¬ 
lance  when  the  beam  does  not  vibrate.  The 
deflection  of  the  beam  and  therefore  the 
output  voltage  of  the  device  is  maximal  when 
the  frequency  of  the  input  signal  Is  equal 
to  the  mechanical  resonant  frequency  of  the 
beam.  It  has  been  shown1 >2  that  the  transfer 
function  of  the  single  silicon  beam  filter 
has  the  following  form: 

T  ( s )  »  — — — - T  (1) 

s^+sw,  /Q+Uj 

where  Q  is  the  Q  factor  of  the  silicon  beam, 
3r.d  X  and  are  the  functions  of  silicon 

beam  dimensions,  biasing  voltages  and  physi¬ 


cal  properties  of  silicon  given  by: 

K=5.32  -  10'15VBEoa'2T'2w1  BC(xb)  (2) 

B»0. 707  [sinh  (1  .  875L,/L) -sln(l  .  8 7 5 L ,  / L )J  - 

0.518 [cosh (1  ,875L,/L)  +  cos(l .875L,/L)]  (3) 

C  (xB) -0.707  [cosh  (1  .875xb/L)  +  cos(1  .  8/5x  g/L)] 

-0.518  [sinh  (1  . 875x  g/L)  +  s  i  r.  ( 1  ,875xb/L)]  (A) 

M]  *  2tt f t  (5) 

where  f.  is  the  mechanical  resonant  frequen¬ 
cy  of  tne  silicon  beam  given  b y 1  ,2,3 

f,«1 .125-!o5T/L2  (6) 

Equation  (1)  obviously  represents  the 
transfer  function  of  a  low  pass  filter.  How¬ 
ever,  since  the  Q  factor  of  the  filter  Is 
very  high  (>1000),  as  has  been  shown1*2, It 
can  be  used  for  very  selective  band  pass 
filtering  around  the  frequency  fj  . 

Design  of  single  silicon  beam  filter 

The  design  procedure  consists  of  se¬ 
veral  steps  in  which  the  dimensions  of  the 
filter  and  the  values  of  biasing  voltages 
are  determined.  The  basic  guidelines  of  the 
design  are: 

1.  The  dimensions  of  the  filter  should 
be  as  small  as  possible  to  achieve  higher 
density  and  consequently  lower  cost. 

2.  The  minimal  dimensions  of  the  fil¬ 
ter  are  limited  by  the  fabrication  techno¬ 
logy. 

3.  All  parameters  should  be  determined 
in  such  a  way  to  produce  minimal  losses  at 
the  resonant  frequency. 

The  first  step  in  the  design  procedure 
is  to  calculate  the  length  L  and  the  thickn¬ 
ess  T  of  the  cantelevered  silicon  beam  from 
the  given  resonant  frequency.  From  equation 
(6)  is  obvious  that  for  given  f]  the  lower 
values  of  T  will  give  the  smaller  L.  Since 
the  smallest  physically  obtainable  thickn¬ 
ess  Is  lo“3  cm1*2  the  corresponding  length 
can  be  calculated  as: 

L  =  10.6  f,"0,5  (7) 
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From  (I)  to  (6)  we  can  see  that  they  are 
not  the  functions  of  the  beam  width  W.  We  choo¬ 
se  the  minimal  value  for  the  width  which  Is 
determined  by  the  dimensions  of  the  plezoresis- 
tlve  bridge  and  its  contact  leads.  It  has  been 
shownl.2  that  the  minimal  width  is  0.035  cm. 

The  next  step  is  to  calculate  the  length 
de term i n i ng  the  length  of  the  aluminum  film 
at  the  top  of  the  beam.  It  Is  calculated  from 
the  condition  that  the  parameter  B  is  maximal, 
which  gives  the  minimal  attenuation  at  the  re¬ 
sonant  frequency.  From  (3)  can  be  found  that 
the  maximal  8  demands  minimal  L{  .  The  minimal 
Lj  is  determined  by  the  dimensions  of  the  piez- 
oreslstlve  bridge  and  for  the  minimal  dimensi¬ 
ons  of  the  bridge  Is  0.0175  cm. 

The  coordinate  of  the  bridge  center  xR  is 
determined  in  the  same  way  as  L.  from  the  con¬ 
dition  that  C (x  )  is  maximal.  The  optimal  va¬ 
lue  of  xR  Is  Its  minimum  which  is  determined 
by  the  smallest  obtainable  bridge  dimensions. 
Since  the  minimal  bridge  length  is  0.0125  cm'>2 
the  optimal  value  of  x_  is  0.00625  cm. 

P 

The  last  dimension  which  has  to  be  deter¬ 
mined  is  the  distance  a  between  the  metal  pla¬ 
te  and  the  beam.  In  order  to  get  less  attenua¬ 
tion  at  the  resonant  frequency  a  has  to  he  as 
smajl  as  possible  but  its  physical  limit  is 
io*->  cm. 

Besides  the  dimensions,  the  values  of  bi¬ 
as  voltages  Eq  and  VR  should  be  determined.  In 
order  to  lessen  the  attenuation  at  the  resonant 
frequency  the  higher  values  of  E  and  Vg  should 
be  selected.  However,  the  maxima?  value  of  V. 
is  limited  by  permissible  dissipation  of  bridge 
resistors,  ana  the  maximal  value  of  E  is  deter¬ 
mined  from  the  equilibrium  between  the  O.C.  com¬ 
ponent  of  the  input  electrostatic  force  and  the 
mechanical  restoring  force  of  the  beam  and  is 
given  by  '  .  2  ; 

Eom  “(2/27)  [a3T3E/l3(l-L,ko]  1/2  (8) 

where  E  !s  Young's  modulus  and  eQ  is  the  permi- 
tlvity  of  the  air.  It  is  not  recommended  to  use 
for  t  values  close  to  E  because  In  that  case 
some  chanqes  in  the  elas?Tclty  of  the  beam  oc- 
curk  and  change  the  resonant  frequency  of  the 
filter. 

This  fact  can  be  used  sometimes  for  the 
correction  of  the  resonant  frequency,  but  usual¬ 
ly  when  the  resonant  frequency  is  correct,  the 

value  of  C  should  be  around  0,  I  E 

o  om 

Following  the  presented  procedure  the  sin¬ 
gle  silicon  beam  filter  for  the  frequency  of 
51.825  kHz  Is  designed.  Assuming  that  the  bri¬ 
dge  resistors  have  values  between  0.5  and  Ik 
the  following  values  of  the  dimensions  and  vol¬ 
tages  are  calculated: 

T  -  IQ*3  cm 

a  »  10" 3  cm 

l  »  0  .  0  ft 6  5 6  cm 

W  »  0.035  cm 

L .  -  0.0175  cm 

x„»0. 00625  cm 

VR-20V 

E  -50V 
o 


T(jw,)  =  1.471 'JO*  (9),.—* 

and  the  normalized  frequency  response  shown 
with  solid  line  in  Fig. 2.  With  the  dashed  line 
In  Fig.  2  is  shown  the  normalized  frequency 
response  of  the  Siemens  electromechanical  fil¬ 
ters  presently  used  In  multichannel  telephon 
s  ys  terns . 

0 i scu  s  s I  on 

In  this  paper  the  design  procedure  of  the 
single  silicon  beam  filter  is  presented.  It  has 
been  shown  that  many  conditions  nave  to  be  sa¬ 
tisfied,  but  the  design  procedure  is  very  sim¬ 
ple  if  the  limits  set  up  by  physical  realiza¬ 
tion  are  known.  The  presented  design  procedu¬ 
re  Is  illustrated  by  the  example  of  the  filter 
with  resonant  frequency  of  51.825  kHz.  It  can 
be  seen  that  the  designed  filter  is  competitive 
with  the  Siemens  filter  which  is  much  bigger 
than  the  designed  filter.  The  only  disadvanta¬ 
ge  of  the  designed  filter  is  its  attenuation 
at  the  resonant  frequency  which  can  be  avoided 
by  an  amplifier  integrated  in  the  base  of  the 
beam . 
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Summary 

A  new  standard  on  piezoelectricity 
(IEEE  Std .  176-1978)  has  been  issued 
recently  by  the  Institute  of  Electrical  and 
Electronics  Engineers.  The  contents  of  this 
standard  are  reviewed  briefly.  Some  histor¬ 
ical  background  on  piezoelectric  standards 
is  discussed.  Particular  emphasis  is  placed 
on  changes  in  the  definition  of  reference 
plates,  and  in  the  signs  of  coordinate 
axes,  piezoelectric  and  elastic  constants, 
and  angle  of  rotation  for  quartz  bars  and 
plates. 

The  role  of  these  changes  in  the  use 
of  published  tables  of  material  constants 
and  of  various  sets  of  rotation  equations 
in  theoretical  studies  is  discussed. 


Introduction 

The  development  of  standards  on 
piezoelectric  crystals  and  measurements  has 
been  the  product  of  considerable  work  and 
debate  by  many  people.  Early  piezoelectric 
standards  were  prepared  by  the  Standards 
Committee  of  the  Institute  of  Radio 
Engineers  in  the  mid  1940's.  When  the 
Institute  of  Radio  Engineers  was  merged 
with  the  Institute  of  Electronic  and 
Electrical  Engineers,  the  later  issues  of 
the  IRE  standards  were  adopted  as  IEEE 
standards.  Figure  1  lists  the  titles  of 
these  standards,  along  with  the  IRE,  IEEE, 
and  ANSI  (American  National  Standards 
Institute)  notations.  The  1945  IRE  refer¬ 
ence  should  probably  be  called  a 
recommendation  and  not  a  standard.  In  Fig¬ 
ure  1  REAFF  is  the  IEEE  expression  for 
reaffirm  and  R  is  the  ANSI  equivalent 
expression. 


These  standards  define  terms  and  meas¬ 
urement  techniques  and  refer  to  publica¬ 
tions  for  background  theory  and  vibration 
mode  descriptions.  The  standards  committees 
paid  special  attention  to  two  technologi¬ 
cally  important  materials — quartz  and 
piezoelectric  ceramics. 

The  complexity  of  the  measurements, 
the  tensor  and  matrix  description  of  the 
material  constants,  and  the  existence  of 
enantiomorphic  crystal  forms  led  to  changes 
in  sign  conventions  from  time  to  time,  as 
the  standards  committees  tried  to  make  the 
conventions  easier  to  understand  and  use. 

As  the  theory  of  the  piezoelectric 
resonator  became  more  systematic  and  more 
widely  understood,  the  need  Cor  a  new  stan¬ 
dard  became  clear.  Extensive  work  on  new 
materials,  such  as  lithium  niobate  and 
lithium  tantalate,  also  indicated  the  need 
for  a  new  standard. 

The  new  standard  was  jointly  sponsored 
by  the  Transducers  and  Resonators  Committee 
of  the  IEEE  Group  on  Sonics  jnd  Ultrasonics 
and  by  the  Frequency  Control  and  Time  Com¬ 
mittee  of  the  IEEE  Group  on  Instrumentation 
and  Measurements.  Primary  authors  were  A. 
H.  Meitzler  (Chairman),  H.  F.  Tiersten,  A. 
W.  Warner,  D.  Berlincourt,  G.  A.  Coquin, 
and  F.  S.  Welsh,  III. 

For  the  new  standard  (IEEE  STD  176- 
1978)  the  standards  committee  decided  to: 

1.  Abandon  the  use  of  a  separate  sign 
convention  for  the  piezoelectric  con¬ 
stants  of  quartz. 

2.  Abandon  the  definition  of  elec¬ 
tromechanical  coupling  factors  based 
on  interaction  energies. 

3.  Add  a  section  on  theoretical  concepts 
and  mathematical  relationships. 
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4.  Revise  the  material  covered  in  IEEE 
STDS  176  and  178. 

5.  Treat  enantiosaorphic  crystal  forms  in 
greater  detail. 

6.  Clarify  the  techniques  of  piezoelec¬ 
tric  determination  of  the  sense  of  the 
crystal  axes. 

7.  Clarify  the  system  of  notation  for 
designating  plates  and  bars. 

8.  Include  tables  useful  in  theoretical 
and  experimental  work. 

9.  Include  a  section  on  modern  analyses 
of  plane  wave  motions  and  vibrations. 

10.  Review  measurement  techniques. 

Figure  2  lists  the  table  of  contents 
of  IEEE  Standard  176-1978.  Figure  2  shows 
the  broad  scope  of  the  new  standard.  Sec¬ 
tion  2  through  Section  6  constitute  a  short 
but  detailed  review  of  the  theory  and 
application  of  piezoelectric  crystals.  Sec¬ 
tion  8  contains  many  important  references 
for  the  reader  interested  in  a  more 
detailed  study. 

In  this  paper  some  implications  of  the 
change  in  sign  of  the  piezoelectric  con¬ 
stants  of  quartz  and  of  the  changes  in  the 
sense  of  the  crystallographic  axes  are  dis¬ 
cussed.  Some  of  the  history  of  conventions 
for  elastic  and  piezoelectric  properties  of 
crystals  is  reviewed.  The  questions  dis¬ 
cussed  in  the  next  section  of  this  paper 
are  summarized  in  Figure  3,  which  includes 
some  of  the  ^ontcnt  of  a  paragraph  In  the 
new  standard1 . 

Conventions  for  Electric  and  Piezoelectric 
Properties  of:  AlpKa~Quartz 

Figure  4  summarizes  the  historical 
highlights  of  some  of  the  sign  conventions 
which  have  been  used  for  the  properties  of 
alpha  quartz.  Included  in  this  table  are 
the  cnventions  used  in  the  1945  IRE  Recom¬ 
mendations  ,  the  1949  IRE  Standard  ,  and 
the  new  1973  IEEE  Standard1.  Also  included 

are  |he  conventions  used  by  Heising. , 

Cady  ,  and  Mason  in  their  books  on 
piezoelectric  crystals  and  devices,  cor 
each  property  the  convention  for  left 
quattz  is  given  first,  followed  by  the  con¬ 
vention  for  right  quartz,  ie.  -  /  -.  Figure 
4  is  not  intended  to  be  complete.  It  is 
only  intended  to  illustrate  some  of  the 
important  changes  in  convention  that  have 
evolved  during  the  last  thirty-five  years. 
Changes  in  the  handedness  of  the  crystal 
axes,  the  sign  of  the  angle  associated  with 
counterclockwise  rotation  as  observed  from 
the  positive  end  of  the  rotation  axis 
toward  the  origin,  the  AT  rotation  angle, 
the  sign  of  the  voltage  developed  for  ten¬ 
sion  along  X,  and  the  motion  of  conoscope 
rings  for  clockwise  analyzer  motion  are 
listed  in  Figure  4.  Figure  4  suggests  that 
the  only  conventions  that  have  remained  the 
same  are  the  rotation  of  polarized  light 


{or  the  handedness  assigned  to  a  particular 
enantiomorphic  form  of  quartz)  and  the  use 
of  a  right  handed  coordinate  system  for 
right  quartz. 

Figure  5  lists  historical  highlights 
of  some  of  the  sign  conventions  used  for 
piezoelectric  and  elastic  constants  of 
alpha  quartz.  Besides  the  conventions 
adopted  in  the  three  standards,  those  used, 
in  the  books  by  Heising^,  Cady5,  and  Masonb 
are  also  shown  in  Figure  5,  as  well  as  the 
signs  used  by  Bechmann.  Actually  the  later 
paper  by  Bechmann,  Ballato,  and  Lukaszek0 
is  the  one  most  often  referenced.  The  later 
paper  refers  to  the  earlier  paper  for  the 
room  temperature  values  of  the  constants,  „ 
but  changes  e^.  from  -0.^406  coulomb/meter 
to  +0.0403  coulomb/meter^  without  comment. 
It  must  be  emphasized  that  the  earlier 
Bechmann  values  of  constants  were  tabulated 
for  left  quartz.  The  handedness  of  the 
quartz  used  in  the  subsequent  temperature 
coefficient  studies  is  not  emphasized0. 
Figure  5  contains  the  signs  for  both  left 
and  right  ajpha  quartz  as  they  were  defined 
by  Bechmann  in  accordance  with  the  1949 
standard. 

Figure  6  shows  crystal  rotation  equa¬ 
tions  for  Group  VII  Trigonal  Classes  18, 

19,  20°.  Quartz  belongs  to  this  group  ’  . 

For  this  group  rotation  formulas  for 
selecte^constants  are  presented  according 
to  Cady  and  Mason  .  The  formula  used  by 
Bechmann,  Ballato,  and  Lukaszek1'"  to 
analyze  their  temperature  coefficient  data 
is  also  qiven  in  Figure  6.  In  Figure  6  the 
numbers  after  the  author's  names  are  volume 
number  and  page  numbers  in  References  5,  6, 
and  8.  Since  the  rotation  equations  were 
derived  by  algebraic  manipulation  of  the 
appropriate  tensor  rotations,  the  various 
sign  changes  shuwn  in  Figure  6  must  be 
understood  in  terms  of  the  changes  in  the 
sign  of  the  rotation  angle  and  the  signs  of 
C,.  eia>  an<5  en*  The  examples  given  in 
Fig6re  8  illustrate  the  only  two  combina¬ 
tions  of  factors  that  occur  in  the  complete 
set  f  rotation  equations  for  X.  axis  rota¬ 
tion  for  Group  VII.  In  the  equations  giving 
rotated  values  for  all  constants  except  C.  . 
or  e.^,  sin  0  is  either  squared  oi  is  mul¬ 
tiplied  by  C,.  or  e...  In  the  equations 
giving  rotated  values  for  CJ4  or  e..,  sin  9 
appears  In  one  term  and  C. .  or  e. .  appear 
in  the  other.  As  a  result  of  this  form  of 
the  rotation  equations,  a  change  in  the 
sign  of  an  angle  must  be  accompanied  by  a 
change  either  in  the  sign  of  C..  and  e,.  or 
in  the  sign  of  the  appropr iate1 terms  o£flthe 
rotation  equations.  Otherwise  the  magni¬ 
tudes  of  some  of  rotated  elastic  and 
piezoelectric  constants  depend  on  ttie  con¬ 
vention  ijised .  A  footnote  in  the  1949  IRE 
standard  suggests  that  the  rotation  signs 
and  constant  signs  had  been  adjusted  to 
keep  the  Cady  rotation  equations  the  same 
for  right  and  left  quartz. 

When  material  constants  are  determined 
using  a  particular  set  of  rotation  equa¬ 
tions,  great  care  must  be  exercised  to  make 
the  rotation  equations,  the  signs  of  the 
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constants,  and  the  sign  of  a  counterclock¬ 
wise  rotation  consistent.  When  reporting 
the  results  of  such  work,  authors  should 
refer  to  all  conventions  and  rotation  equa¬ 
tions  used. 

Calculations  of  the  frequency  or 
admittance  of  a  plate  or  bar  of  a  particu¬ 
lar  orientation  are  often  reported.  In  the 
rotations  used  angles  are  measured  from  the 
reference  material  coordinate  system  toward 

the  final  system. 

Misprints  and  Errors 
in  IEEE  Standard  T/6-I978 

14 

An  error  in  the  voltage  convention 
in  the  new  standard  caused  Equations  79, 

82,  90,  96,  107,  111,  and  117  to  have  the 
wronq  sign. 

A  few  typographical  errors^  are  men¬ 
tioned  here  for  reference.  On  page  46  Table 
9,  "electrochemical''  should  be  "elec¬ 
tromechanical".  On  page  26  Figure  5,  the 
head  of  the  -51°  arrow  should  extend  to  the 
dashed  line. 

Conclusions 

A  long  history  of  piezoelectric  stan¬ 
dards  is  continuing.  The  application  of  the 
new  standard  to  theoretical  work  will 
require  that  computer  programs  and  tables 
of  material  constants  be  revised.  The 
application  of  the  new  standard  to  produc¬ 
tion  work  will  require  that  specifications 
be  revised.  The  scientific,  engineering, 
and  production  communities  will  have  to 
decide  whether  the  required  changes  In 
ocuments  are  worth  the  reduced  confusion 
that  standardization  always  yields. 

Some  misprints  and  errors  in  the  new 
standard  have  been  mentioned.  It  is  hoped 
that  the  standards  committee  will  issue  the 
necessary  corrections. 
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IEEE  STD  176-1949  (REAFf  1971) 

ANSI  C83.3-1951  (R  1972) 
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51  IRE  14.S1 
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WORKING  WITH  PIEZOELECTRIC  MATERIALS 
AND  DEVICES 

1.  A  SET  OF  ELASTIC,  PIEZOELECTRIC,  AND  DIELECTRIC 
CONSTANTS  IS  NEEDED 

2.  CONSISTENT  SIGN  CONVENTIONS  ARE  NECESSARY 

a.  CONSTANTS 

b.  AXES 

3.  BAR  SHAPES  AND  ORIENTATIONS 

a.  SKETCH  IS  CLEAREST 

b.  CONVENTIONS  FOR  ANGULAR  ROTATIONS 

4.  ROTATIONAL  EQUATIONS 

a.  CONSISTENT  WITH  MATERIAL  AND 
COORDINATE  SIGN  CONVENTIONS 

Figure  3 


179 


HISTORICAL  HIGHLIGHTS  OF  CONVENTIONS  FOR 
ELASTIC,  PIEZOELECTRIC,  AND  OPTICAL  PROPERTIES 
OF  ALPHA  QUARTZ 

(LEFT/SIGHT) 


CONVENTION 

HANCEDress 

Of 

COORDINATE 

SYSTEM 

« 
TOR  CCW 
ROTATION 
+  TO  0 

ON  AXIS 

AT 

ANGLE 

SIGH  Of 
VOLTAGE 
FOR 

TENSION 
ALONG  1 

CQSOSCCS'E 

SMC 

MOTION 

FOR  CW 
AKALY2ER 
MOTION 

1945  IRE 

U/R) 

(  4  *  ) 

( *  *  ) 

t*  *> 

(«  *) 

1946  HEISING 

(L/R) 

(M 

*34.25 

( */  ♦> 

(CONTRACT 

1946  CADY 

(l/R) 

C*M 

•  35.25 

(*/  +  ) 

!  *  *  ) 

1949  IRE 

(R/R) 

(/+) 

♦  35.2S 

<♦") 

(CONTRACT 

EXPAND) 

I960  MASON 

('»> 

( *  *  ) 

MS  25 

( *  * ) 

1*  *) 

1974  (IEEE) 

(R/R) 

('  M 

-35.25 

t'M 

(CONIRAC’ 

EXPAND) 

*  *  NOT  DISCUSSED 

‘  i  '  i 


HISTORICAL  HIGHLIGHTS  OF  SIGN  CONVENTIONS 
FOR  ELASTIC  AND  PIEZOELECTRIC  CONSTANTS 
OF  ALPHA  QUARTZ 

(LEFT/RIGHT) 


CONVENTION 

SICN  Of  *  u 

SIGN  Of  » 14 

SIGN  Of  C 

1945  IRE 

I  •  M 

CM 

1**1 

1946  HEISING 

I  -) 

(  ') 

i  ’  ) 

1946  CAOT 

C  M 

CM 

C  M 

1949  IRE 

C  -) 

CM 

C'  “) 

1950  MASON 

1*  *  ) 

(  *  *  ) 

('♦) 

1954  BECHMANN  * 

(♦  -) 

(-  M 

(-/-) 

1979  IEEE 

<-•  M 

(*/  M 

(*  *  ) 

*  SIGN  CONVENTIONS  WERE  REPEATED  IN  1962  BY  BECHMANN.  BAIUTO. 
LUKAS2EK  EXCEPT  THAT  SIGN  Of  « j4  WAS  CHANGED  WITHOUT 
COMMENT,  I  ASSUME  THAT  AU  CRYSTALS  USED  IN  THE  1962  S1UDIES 
WERE  RIGHT  QUARTZ. 

*  *  HOT  OISCUSSED 


F l  juro  c. 


SELECTED  ROTATION  EQUATIONS  (X  AXIS) 
FOR  GROUP  VII  TRIGONAL  CUSSES  18,  19,  20 

CADY  I  77  (194S) 

C,4*  <C*-$;)C|4  -  CSdu-Cu) 

CM'  S*vC«  *CJCt$  ♦  2  C5C,» 

BECHMANN.  BAILATO.  LUKASZE*  1819  (196?) 

CS6l  -  SlC44  ♦  C2  C*k  ♦  2  CS  C |4 
MASON  94  (1950) 

Cst*  =  S*C4*  ♦  C*C «-2  CSC,, 

CADY  I  212  (1948) 

•14*  =  CS  »11  +  (C  1  ■~$,j  •  u 
Ml'  “  Ml 

c  =  cose 

S  =  S!N  8 


Fiqijrt*  f- 
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TRIM  SENSITIVITY 
USEFUL  CHARACTERIZATION 
OF  A  RESONATOR 


John  H.  Sherman,  Jr. 


U.S.  Hobile  Radio  Department 
Ceneral  Electric  Company 
Lynchburg,  Virginia  24502 


ABSTRACT 

Two  terns,  Trim  and  Trim  Sensitivity  are  de¬ 
fined  and  the  latter  examined  in  detail.  Design 
equations  for  Trim  Sensitivity  are  derived. 
Equations  are  found  for  ready  measurement  of 
Trim  Sensitivity.  By  these  equations  the  re¬ 
lation  with  the  worn  familiar  motional 
capacitance  and  Inductance  is  clarified. 
Application  to  two  c own  on  problems  of  compen¬ 
sated  oscillator  production  illustrates  the 
utility  of  the  concept  of  Trim  Sensitivity. 

Key  Kordas  Trim,  Trim  Sensitivity, 
motional  parameters,  quart*  crystal,  resonator, 
compensated  oscillator,  TCXO,  modulated 
os ell later,  VCXO. 


Symbols  and  Units 

Ihe  following  symbols  are  used  In  chc 
paper,  with  definitions  and  units. 

A,  the  area  of  an  electrode  In  mm*. 

C,i,  the  capacitance  measured  at  tha 
external  terminal*  of  the  re¬ 
sonator,  in  farads. 

CJ,  the  equivalent  motional  capacitance 
posited  In  the  Butterworth-Van  Dyke 
equivalent  circuit  of  the  resonator, 
in  (arads. 

C,,  the  capacitance  of  the  electronic 
circuit  to  which  the  resonator  is 
connected,  observed  at  the  connection 
terminals,  in  farads. 

fa,  the  anti  resonant  or  Inherent  self¬ 
resonant  frequency  of  the  Isolated 
resonator,  in  hertz. 

fr,  the  resonating  frequency  of  the  re¬ 
sonator  and  load  capacitor,  Cj  con¬ 
nected,  in  hertz. 

f8,  the  series  resonant  or  resonant  fre¬ 
quency  of  the  short  circuited  resonator, 
in  hertz. 


L  ,  the  equivalent  motional  inductance 
posited  in  the  Butterworth-Van  Dyke 
equivalent  circuit  of  the  resonator, 
in  henries. 

m  ,  the  overtone  order  of  operation  of 
the  resonator,  an  odd  integer,  a 
numeric. 

P  ,  the  ratio  of  Co  to  Cl,  a  geometric 
property  of  the  resonator  shape  in¬ 
variant  underchange  of  scale,  a 
function  of  m  increasing  at  a  rate 
faster  than  m2,  usually  written  rc 
a  numeric. 

S  ,  Trim  Sensitivity,  ;1  d  fr  ,  in 
fr  "d  Ct 

parts  per  farad.  (Commonly  used  In 
ppll/pf  with  a  conversion  factor  of 
106). 

T  ,  Trim,  -d  fr  in  Hz/f.  (Commonly  used 
*  Ct 

In  llz/pf  with  a  conversion  factor  of 

11)12). 

l(Ct),  the  temperature  coefficient  of  the 
circuit  capacitance  Cj  with  the 
modulating  or  compensator  voltage  held 
constant  at  nominal  value,  in  parts/K. 

T(fr),  the  temperature  coefficient  of  the 
load  resonant  frequency  of  the  resonator 
loaded  with  the  capacitance  Cj  evaluated 
at  reference  temperature,  In  parts/K. 

Other  quantities  used  are  defined  and  discussed 
upon  introduction  in  the  text. 

Introduction 

A  substantial  literature  is  developing  on 
the  measurement  of  crystal  resonators.  For  the 
most  part  the  emphasis  is  directed  toward  the 
improved  determination  of  the  values  of  the 
element  values  in  an  equivalent  circuit.  There 
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is  no  doubt  that  knowledge  with  great  precision 
of  the  values  of  these  parameters  will  allow  the 
accurate  computation  of  the  behavior  of  the  res¬ 
onator  in  a  circuit  of  application.  In  the  de¬ 
sign  of  resonators  for  use  in  filter  networks 
considerations  of  impedance  matching  lead  directly 
to  the  specification  with  tolerance  of  the  value 
of  one  of  the  motional  arm  parameters.  It  is  hard 
to  visualize  any  other  effective  means  of  specifying 
and  characterizing  a  resonator  for  filter  use  than 
by  the  actual  value  of  a  motional  parameter. 

In  the  case  of  resonators  for  use  in  oscillators 
the  case  is  quite  different.  Almost  never  are  all 
of  the  degrees  of  design  freedom  consumed  in  the 
specification  of  an  oscillator  resonator  by  per¬ 
formance.  That  this  is  true  even  of  resonators 
intended  for  use  in  such  stringent  applications  as 
temperature  compensated  or  directly  modulated 
oscillators  is  not  commonly  appreciated.  In  a 
difficult  application  the  first  successful  resonator 
design  to  be  found  is  usually  treated  as  the  only 
acceptable  design. 

This  is  advantageous  to  the  original  designer, 
of  course,  but  not  to  the  user.  By  this  approach 
all  other  potential  suppliers  are  forced  to  take 
on  the  puzzle  of  finding  that  one  design  out  of  the 
continuum  of  equally  valid  designs  allowed  by  the 
laws  of  nature.  Generally  the  accepted  design 
contains  elements  of  habitual  practice  of  which 
even  the  designer  is  hardly  aware.  The  existence 
of  a  successful  design  is,  of  course,  important  know¬ 
ledge.  The  insistence  that  it  must  be  the  only  one 
used  is  to  ignore  the  valid  distinction  drawn  by 
mathematicians  between  necessary  and  sufficient 
conditions.  A  solution  in  hand  is.  Itself,  a 
sufficient  condition  for  a  solution  to  exist.  This 
solution  is  necessary  as  well  only  if  it  uses  all 
the  degrees  of  freedom. 

Strangely,  it  is  easier  to  illustrate  excess 
degrees  of  freedom  by  a  first  reference  to  the 
resonators  of  a  monolithic  crystal  filter.  While 
considerations  of  impedance  lead  directly  to  the 
specification  of  areas  of  resonator  electrodes, 
the  designer  still  has  wide  latitude  in  the  choice 
of  aspect  ratio  of  the  resonators,  whether  the 
array  shall  be  disposed  along  X  or  Z,  and  where 
in  a  continuum  of  interdependent  values  for  either 
configuration  to  specify  the  plateback  and  res¬ 
onator  separation.  A  similar  look  at  available 
options  in  oscillator  resonators  will  be  essayed 
near  the  end  of  the  paper. 

Frequency  "Trimming" 

Whenever  it  is  required  that  the  accuracy  of 
frequency  be  greater  than  that  practical  to  be 
built  into  the  resonator,  adjustable  components 
are  Included  in  the  oscillator  circuit  to  allow  the 
adjustment  of  the  frequency  of  the  assemblage.  The 
most  commonly  used  component  for  this  purpose  over 
the  years  has  been  a  small  variable  capacitor  called, 
in  the  vernacular,  a  "trimmer".  It  is  thus  reason¬ 
able  to  call  the  adjustment  of  frequency  using  a 
trimmer  "trimming".  Other  terms  have  been  used, 
such  as  "rubbering".  There  is  no  standard 


terminology.  Perhaps  this  paper  ni3y  serve  to 
stabilize  terminology. 

in  particular  I  wish  to  introduce  two  terms 
into  our  vocabulary.  They  are: 

1)  Trim,  the  negative  of  the  rate  of 
change  of  frequency  with  respect  to 
load  capacitance.  In  quartz  resonators 
this  coarnonly  lies  between  10*2  and 
10^5  Hz/f  or  between  1  and  1000  Hz/pf. 

T  =  -dfr/dC£  (1) 

2)  Trim  Sensitivity,  the  negative  of  the 
logarithmic  derivative  of  frequency 
with  respect  to  lead  capacitance.  In 
quartz  resonators  this  coninonly  lies 
between  10®  and  10®/f  or  between  0.1 
and  100  ppM/pf. 

S  *  ri  d£r  (2) 

fr  dC£ 

These  derivatives  are  quite  different  from  that 
one  examined  by  Noble  (lj  who  studied  the  con¬ 
dition  for  the  maximum  frequency  difference 
between  "trimmer  meshed"  and  "trimmer  open"  in 
an  oscillator.  He  found  this  to  occur  when  the 
resonator  static  capacitance  value  is  the 
geometric  mean  of  the  extreme  values  of  the  load 
capacitance. 

Sallato  [2]  [3]  has  studied  a  variety  of  load- 
cspacitance-related  phenomena.  He  has  found  it 
convenient  to  define  a  parameter  or  fraction  which 
he  has  called  a  : 

a  -  Co/(C0  +  Cjt)  (3) 

The  range  of  a  is  from  1  to  0. 

It  will  be  convenient  for  us  to  employ  this  term  in 
this  paper  on  occasion.  For  simplicity's  sake, 
instead  of  rc,  the  ratio  of  che  capacitances  in  the 
equivalent  circuit,  I  will  use  the  letter  p  ,  thus: 

P  -  rc  =  C0/C1  (4) 

In  my  experience  the  quantity  Trim  has  been 
adequately  treated  as  the  product  of  Trim  Sensitivity 
and  frequency.  It  will  be  so  treated  here.  The 
following  discussion  will  bear  entirely  on  Trim 
Sensitivity. 

Design  For  Trim  Sensitivity 

The  conventional  Butterworth-Van  Dyke 
equivalent  circuit  incorporates  an  equivalent 
resonance  resistance  in  the  motional  arm.  A 
detailed  analysis  of  this  finite  Q  circuit  [2] 
shows  that  the  errors  of  frequency  attendant 
upon  ignoring  losses  are  of  the  order  of  Vq2. 
Inasmuch  as  Q  in  excess  of  10^  may  ordinarily  be 
assumed  for  a  practical  quartz  resonator,  the 
errors  in  computed  frequency  will  be  on  the  order 
of  parts  in  10®.  In  the  derivations  we  will, 
therefore,  confidently  consider  a  lossless 
equivalent  circuit. 
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In  the  lossless  circuit  three  frequencies  are 
commonly  discussed.  They  are  the  series  resonant 
frequency 


fs  »  1  /  2*/"LCl 
nant  frequency 
£a " fs 


the  antiresonant  frequency 


The  area  of  an  electrode  to  satisfy  this 
is  readily  found  [4)  : 

A  =  mCo  x  1020/2.42fs 

Measurement 

Quite  directly  from  (7) ,  by  squaring  and 
rearranging: 

fr2  _  fs2 

^  _  //.  w  e _ = _ , 


the  load  resonant  frequency 


Cl  =  (Cq+Cj^H-— ■ 


fs/  1  + 


where  the  load  capacitance  Cj  is  connected  either 
in  series  or  in  parallel  with  the  resonator 
terminals  [2] .  The  load  resonant  frequency  is 
the  actual  frequency  at  which  the  oscillator 
operates. 

Performing  the  logarithmic  differentiation 
we  get: 


s  =  ri  Mr 

fr  dCo 


C1  ,  _£l 

2(Co+C(>)2  /U  C0+C i1 


2  p  (Co+Cjj,)2  /(1  +  Co+Ci  } 


/  (1  +  —  > 


At  this  point  it  is  desirable  to  consider  the 
magnitude  of  the  demoninator  term  (1  +a/p).  The 
absolute  maximum  value  of  a  is  unity  while  for 
quartz  the  absolute  minimum  of  p  is  around  100. 
a/p  is  therefore  never  greater  than  1  percent, 
and  is  usually  more  than  an  order  of  magnitude 
smaller  than  that.  One  can  with  an  accuracy  of 
the  order  of  0.1  percent  approximate  (C)  by: 


2Cip2  2  p(C0+C*)2 

Now  if  S  is  treated  as  a  crystal  parameter  subject 
to  specification,  the  electrode  design  follows 
directly  from  the  solution  of  (9)  for  C0 

C02  +  (2Cj,  -  l/2pS)  C0  +  Ci2  =  0  (10) 

C0  =  1/4 PS  -  Cj,  -  /  1/16p2S2  -  Ca/2pS  (11) 


The  negative  square  root  is  chosen  in  order  to 
design  the  smaller  of  the  two  electrode  sizes 
which  will  satisfy  the  requirement.  I  have 
never  seen  the  case  where  the  larger  was  to  be 
preferred. 


When  this  is  combined  with  (5)  we  obtain: 

L  =  l/4^2(c0+C^)(fr2  -  fs2)  (14) 

Furthermore,  from  (8) 

C1  /,  C1  C1  fs2 

S  =  T(C^+C I)2 /(1  +  “  ’(Co+Cj,)2  -Q- 

which  combines  with  (13)  to  yield: 

S  =  .  (£r2  -  £s2)  (15) 

2(C0+Cp.)  C? 

Note  that  the  measurement  of  Cj,  L  and  S 
require  measurement  of  the  same  three  measurable 
quantities,  the  series  resonant  frequency  fs,  the 
load  resonant  frequency  fr  and  the  total  static 
capacitance  Co  +  Cl.  This  makes  the  three 
characterizations  of  the  resonator  exactly  equally 
accessable.  From  this  viewpoint  it  is  difficult 
to  ascribe  any  primacy  to  the  characterization 
by  motional  parameters.  Indeed,  the  case  is 
exactly  the  opposite,  as  the  motional  parameters 
are  pure  fictions,  being  "equivalent"  electrical 
elements  in  no  sense  real,  while  the  trim 
sensitivity  is  a  property  of  a  real  quartz 
crystal  by  which  the  equivalent  parameters  may 
be  explained  or  rationalized. 

These  equations  are  readily  used  with 
computers  and  programmable  calculators  as  they 
stand.  They  can  be  recast  in  approximations 
which  are  good  to  better  than  one  percent  using 
only  first  powers  of  frequency.  By  following 
out  the  kind  of  argument  used  in  the  develop¬ 
ment  of  the  design  equation  one  can  show  that 
the  sum  of  the  errors  in  calling  (fs+fr)/fs  and 
(fs+fr)/fr  both  equal  to  2  is  the  error  found 
negligible  there. 

Thus  (13)  becomes: 

Cl  =  2(C0+Cft)(fr  -  fs) •  (13a) 

fs 

(14)  becomes: 


L  «  l/8"2fs(C0+CJl)(fr  -  fs) 


and  (15)  becomes: 

s  *  -It— “-is  . 

(C'o+Ct )  f  r 
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Applications 


It  was  stated  at  the  beginning  of  the  paper 
that  even  the  most  critically  specified  and  de¬ 
signed  oscillator  resonators  rarely  have  consumed 
all  the  degrees  of  design  freedom  available.  It 
was-  thus  implied  that  alternate  and=  even  quite 
disparate  seeming  designs  could  possibly  be 
equally  acceptable  in  an  established  application. 
One  example  will  be  discussed. 

Suppose  that  a  compensated  oscillator  has 
been  designed  around  a  particular  resonator  and 
a  certain  performance  achieved.  Then  for  some 
reason  it  becomes  necessary  to  locate  an  alternate 
source  of  resonators.  The  design  of  the  original 
resonator  belongs  to  the  maker.  A  similar  but  far 
from  identical  resonator  is  offered  from  another 
vendor.  The  question  is:  Can  this  second-  res¬ 
onator  be  used  with  the  existing  compensation 
scheme,  and,  if  so,  how? 

The  answer  is  found  by  consideration  of  Trim 
Sensitivity.  If  the  two  combinations  can  be  made 
to  have  the  same  trim  sensitivity  then  they  will 
react  the  same  to  the  compensator.  Recalling 
(9)  we  write: 


■  -  mi.-,  ra  —  . 

2Cj  P2  2c[  P’2 


In  general  the  two  crystals  will  differ  in 
static  capacitance,  motional  capacitance  and  in 
capacitance  ratio.  These  are  properties  of  the 
isolated  resonators,  while  a  is  a  property  of  the 
combination  of  the  crystal  with  the  circuit. 

We  obtain 


and  from  (3) 


Ct' 


(1  -  «’)  CJ 
a1 


(18) 


in  apparent  angle  is  linear  with  frequency  in 
the  interval  between  these  two  limiting  frequen¬ 
cies.  Changing  the  load  capacitance,  by  moving 
the  frequency  between  these  extremes,  moves  the 
apparent  angle. 

Two  options  are  open.  Angle  adjustment  in 
production  allows  the  effect  of  the  change  of  load 
capacitance  to  be  cancelled.  The  other  option  is 
explained  again  by  Trim  Sensitivity. 

The  product  of  Trim  Sensitivicy  and  tempera¬ 
ture  rate  of  change  of  capacitance  is  a  tempera¬ 
ture  coefficient  of  frequency.  The  temperature 
rate  of  change  of  load  capacitance  is  the  product 
of  load  capacitance  and  temperature  coefficient 
of  load  capacitance.  Therefore: 

AT(fr)  =  -C*  SAT(Cfc)  (19) 

This  is  an  incremental  temperature  coefficient 
of  frequency.  The  change  in  slope  of  the 
temperature-frequency  characteristic  can  be 
compensated  by  changing  the  temperature  chara¬ 
cteristic  of  Cj.  Thus: 

AT(Cjt)  =  -  AT(fr)/CaS  (20) 

By  the  use  of  other  than  zero  coefficient 
capacitors  in  establishing  the  new  load 
capacitance  the  consequence  of  the  change  of 
load  capacitance  can  be  negated. 

Note  that  these  are  actually  two  independent 
applications  of  the  concept  of  Trim  Sensitivity. 

Of  great  utility  is  the  fact  that  the  temperature 
characteristic  of  the  static  portion  of  load 
capacitance  can  be  adjusted  to  compensate  the 
effect  of  cutting  tolerances  among  the  crystals 
of  a  production,  allowing  the  compensator  pro¬ 
file  to  be  standardized.  This  is  much  less 
costly  than  having  the  temperature  coefficient 
of  the  static  C&  be  standardized  and  the  compen¬ 
sation  profile  be  made  peculiar  to  the  individual 
resonators. 


Thus  is  a  new  load  capacitance  found  at  which 
the  compensation  is  valid  for  the  second  crystal. 

If  this  value  represents  good  circuit  practice 
the  crystal  can  be  used  by  calibrating  it  at  the 
new  value  of  load  capacitance  and  adding  or 
subtracting  zero  coefficient  (NPO)  capacitance 
In  the  oscillator  circuit  to  achieve  the  new 
value. 

Now  a  complication  arises.  By  changing  the 
load  capacitance  the  inflection  temperature  slope 
of  the  temperature-frequency  characteristic  has 
been  altered  [3]  .  Commonly  one  says  the  apparent 
angle  has  been  changed.  Bechmann  [5]  obtained  the 
value  0.66  x  10-6/K  for  the  difference  of  first 
order  temperature  coefficient  of  frequency  between 
antiresonance  and  series  resonance.  The  rate  of 
change  of  that  temperature  coefficient  with  angle 
6  is  -5.15  x  10-6/K  deg  0.  His  value  for  the 
equivalent  angle  difference  between  series  and 
antiresonance  is  thus  7.7  minutes.  This  difference 


Notes 

Capacitance  ratio  The  capacitance  ratio 
is  a  measure  of  the  electromechanical  coupling  of 
the  resonator.  This  is  a  function  not  only  of  the 
orientation  of  the  plate,  but  also  of  its  contour, 
the  dimensions  of  the  electroded  area  and  the 
mass  loading.  Even  very  similar  appearing  res¬ 
onators  of  the  simplest  design  made  in  different 
shops  will  display  differing  values  of  capacitance 
ratio  because  of  subtle  differences  in  the 
parallelism  of  surfaces  resulting  from  small 
differences  in  shop  practices.  AT-cut  resonators 
built  of  nominally  uncontoured  wafers  normally 
display  capacitance  ratios  between  about  185  and 
210  on  the  fundamental,  while  contoured  res¬ 
onators  can  have  ratios  to  about  1000.  Consistent 
practices  will  yield  consistent  results,  so 
monitoring  capacitance  ratio  or  Trim  Sensitivity 
provides  a  convenient  way  of  monitoring  Lap 
Room  practices. 
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Capacitance  ratio  is  found  using  (7) 


Conclusion 


fs2  °  fS2  C0 _ 

fr2-^s“  (fi2_fs2) (C0+C£) 


(21) 


Ideological  battles  rage  over  the  definition  of 
C0,  whether  C0  should  be  considered  to  change  or 
to  stay  constant  if  the  resonator  element  is  re¬ 
packaged.  The  question  has  to  do  with  how  one 
handles  the  stray  holder  capacitance.  If  it 
is  treated  as  part  of  the  outside  world  it  is 
included  in  Cjj,  and  one  value  of  C0  (hence  p)  is 
found.  If  it  is  treated  as  part  of  the  resonator 
then  one  finds  a  different  value  of  C0  and  a 
different  value  of  p.  I  find  it  easier  to  think 
clearly  in  this  question  as  if  the  holder  is 
part  of  the  outside  world,  as  the  interpretation 
of  the  stray  capacitance  as  part  of  the  load  is 
unambiguous,  C0  and  p remaining  constant  while 
the  grounding  of  the  envelope  in  the  other  view 
causes  a  change  in  C0  and  p.  In  any  case 
consistency  is  necessary.  Where  (C0  +  Cjt)  is 
to  be  used  the  result  is  the  same  in  either  case. 

Measurement  The  method  of  measurement  is  not  of 
direct  interest  in  the  discussion  of  Trim 
Sensitivity.  The  various  readings  of  capacitance 
and  frequency  needed  to  be  measured  have  been 
measured  over  the  years  in  a  variety  of  ways. 
Indeed,  to  make  a  very  good  determination  of 
Trim  Sensitivity  it  is  not  actually  necessary 
to  measure  the  series  resonance  and  load  resonance 
frequencies  at  all.  One  can  find  the  Trim 
Sensitivity  of  a  resonator  at  (say)  20  pf  by 
measuring  the  frequency  at  19.5  and  20.5  pf.  The 
difference  is  the  Trim  in  Hz/pf  and  the  Trim 
Sensitivity  in  ppM/pf  is  just  this  divided  by 
the  frequency  in  MHz.  This  has  certain  attrac¬ 
tions  in  specialized  test  equipment,  though 
switching  exactly  lpf  reliably  is  extremely 
difficult.  The  number  of  measurements  needed 
is  the  same. 

By  far  the  most  convenient  instrument  on 
which  to  make  all  of  the  measurements  required 
for  the  approach  of  this  paper  is  the  Saunders 
Model  100  HF  transistorized  crystal  Impedance 
meter  on  which  all  the  measurements  reeded  are 
made  in  a  single  setup.  With  this  instrument 
the  crystal  envelope  should  not  be  grounded. 

This  implies  a  treatment  of  Co  different  from 
that  described  above.  Consistency  is  still 
possible,  however. 


The  concept  of  Trim  Sensitivity  facilitates 
discussion  of  resonator  behavior  under  conditions 
of  varying  load  capacitance.  It  allows  the  con¬ 
sideration  of  design  degrees  of  freedom  previously 
inaccessible  and  offers  conceptual  means  to 
simplify  complex  problems  of  design  of  compensated 
and  modulated  oscillators.  Convenient  measure¬ 
ment  techniques  and  design  equations  make  this 
characterization  accessible  as  well  as  instructive. 
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NEW  METAL  ENCLOSURES  FOR  RESISTANCE  WELDING 
DEVELOPED  TO  MEET  MIL-SPECIFICATIONS 


Dieter  Fuchs  and  Klaus  H.  Mucke 


Jenaer  Glaswerk  Schott  &  Gen.,  Landshut 


Abstract 

Metal  enclosures  for  resistance  welding 
which  are  electroless  nickel  plated  do  not  meet 
the  MIL-Specifi cations  with  regard  to  solder- 
ability  and  corrosion  resistance.  These  pro¬ 
blems  can  be  easily  solved  by  tin-plating  of 
the  sealed  crystal  units.  A  tin-plated  crystal 
unit  will  withstand  both  soldersbility  test  of 
the  flying  leads  and  salt  spray  test  and  can 
be  performed  in  just  one  economic  barrel  tin¬ 
plating  process. 

After  long-term  aging  of  tin-plated  crystal 
units  at  elevated  temperatures  a  relatively 
high  negative  frequency  shift  due  to  mass 
loading  of  the  crystal  blank  has  been  ob¬ 
served  when  using  common  enclosure  components. 
Extensive  mass  spectrometnc  investigations 
have  shown  a  fo.mation  of  water  vapor  inside 
the  enclosure  after  aging.  This  can  be  ex¬ 
plained  by  the  permeation  of  hydrogen  into 
the  enclosure  which  is  generated  during  the 
pickling  and  plating  processes  and  its  reaction 
with  residues  of  oxygen  and  /  or  oxides. 

For  high  reliable  crystals  adequate 
enclosures  have  been  developed  which  prevent 
the  permeation  of  hydrogen  by  applying  certain 
metallic  layers  as  a  thin  overall  coating  on  the 
metal  surfaces  of  the  enclosure  components. 
Enclosures  treated  this  way  hardly  show  any 
frequency  shift  after  aging. 

Introduction 

It  is  a  well-known  fact,  that  metal 
enclosures  for  resistance  welding  made  out  of 
cold  rolled  steel  which  are  electroless  nickel 
plated,  do  not  meet  the  MIL-Specifications  with 
regard  to  solderability  and  corrosion  resistance. 
Nickel  plated  surfaces  show  a  very  poor  solder- 
ability  and  can  be  tinned  and  soldered  satis¬ 
factorily  by  using  activated  fluxes  only.  Nickel 
plated  steel  also  tends  to  corrode  and  rust 
when  subjected  to  a  salt  spray  test  due  to 
imperfections  within  the  nickel  layer.  Both 
problems  can  be  easily  solved  by  tin-plating 
of  the  exposed  surfaces  of  the  sealed  crystal 
unit.  A  tin  plated  crystal  unit  will  withstand 
both  solderability  test  of  the  flying  leads  and 
salt  spray  test  and  can  be  performed  in  just  one 
economic  barrel  tin-plating  process.  An  overall 


tin-plating  of  the  sealed  crystal  unit  has  also 
the  advantage  of  covering  and  protecting  the 
weld  seam.  For  this  final  tin-plating  operation 
dull  tin-plating  should  have  priority  over  a 
bright  tin-plating  because  dull  tin-plating 
shows,  according  to  our  experience,  a  better 
solderability  especially  after  long-term 
exposure  at  elevated  temperatures.  Considering 
the  tendency  to  dentritic  growth  of  tin  on  the 
glass  bead  a  dull  tin-plating  with  a  tin-lead 
alloy  should  have  preference. 

Since  the  introduction  of  resistance  weld 
crystal  enclosures  some  years  ago  a  variety  of 
crystal  problems  occured,  some  of  them  were 
specific  for  resistance  weld  enclosures  and 
this  sealing  technology.  In  a  close  collaboration 
with  several  crystal  manufacturers  all  these 
problems  could  be  solved.  One  of  the  most  serious 
problems  is  the  shift  of  the  resonance  frequency 
during  and  after  sealing  of  the  crystal  enclosure. 
Two  different  kinds  of  frequency  shift  can  be 
observed: 

1.  Positive  frequency  shift,  i.e.  an  increase 
of  the  resonance  frequency 

2.  Negative  frequency  shift,  i.e.  a  decrease 
of  the  resonance  frequency 

Positive  Frequency  Shift 

The  most  common  reason  for  a  positive 
frequency  shift  is  the  relief  of  mechanical 
stresses  on  the  crystal  transferred  from  the 
crystal  mounts  during  a  long-term  aging  at 
elevated  temperatures.  These  stresses  might  be 
caused  either  by  the  mounts  or  by  a  deformation 
of  the  crystal  holder  during  the  welding  process. 
This  problem  can  be  easily  solved  by  avoiding 
any  deformation  of  the  crystal  holder,  by  choosing 
an  adequate  mount  material  and  mount  design. 
Relatively  stiff  and  rigid  crystal  mounts  should 
be  pre-aged  at  elevated  temperatures  for  a  stress 
relief  prior  to  the  final  frequency  trimming. 

Negative  Frequency  Shift 

Considering  the  negative  frequency  shift, 
normally  due  to  mass  loading  of  the  crystal 
blank,  two  phenomena  have  to  be  considered. 

1.  Primary  frequency  shift  to  observe  immediately 
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after  sealing  of  the  crystal  enclosure 

2.  Secondary  frequency  shift  to  be  observed 
only  after  long-term  aging  at  elevated 
temperatures 


also  reversible  when  the  enclosures  were  opened 
in  a  dry  atmosphere.  Therefore  it  was  suspected 
that  the  composition  of  the  protective  gas  or 
vacuum  within  the  tin  plated  enclosures  has 
been  changed  during  temperature  storage. 


Primary  Frequency  Shift 


The  primary  frequency  shift  is  normally 
caused  by  vapor  adsorption  on  the  crystal  blank. 
Water  vapor  might  have  penetrated  leaks  in  the 
glass-to-metal  seal  or  in  the  weld  joint  between 
crystal  holder  and  can.  However  these  two  possible 
sources  for  leaks  with  a  subsequent  frequency 
shift  can  be  neglected  if  the  advanced  projection 
welding  technology  using  a  capacitor  discharge 
welding  equipment  is  applied  and  reliable  com¬ 
pression  glass-to-metal  seals  for  the  crystal 
holders  are  used. 

A  further  possible  reason  for  the 
primary  frequency  shift  can  be  the  condensation 
of  lubricant  residues,  which  are  incorporated 
in  the  surface  especially  of  the  cans  during 
the  stamping  process.  These  residues  can  be 
liberated  and  evaporated  by  the  thermal  load 
of  the  welding  process  and  will  be  adsorbed  on 
the  crystal  blank.  This  effect  is  considerably 
diminished  by  applying  the  projection  welding 
technology  with  a  reduced  thermal  impact  load. 

As  a  further  improvement  specially  degassed 
enclosure  components  both  bases  and  cans  can  be 
supplied  to  avoid  any  evaporation  of  lubricant 
residues. 

Secondary  Frequency  Shift 


To  meet  the  requirements  with  regard  to 
solderability  and  corrosion  resistance  an 
overall  tin-plating  of  the  sealed  crystal  unit 
was  recommended  in  the  past.  The  results  have 
been  satisfying  in  every  respect  except  the 
stability  of  the  resonance  frequency  in 
continous  operation  and  after  aging  at  elevated 
temperatures.  Under  these  conditions  a  remarkable 
negative  frequency  shift,  the  so-called  secondary 
frequency  shift  has  been  observed. 

With  a  4  MHz  quartz  crystal  resonator 
mounted  in  a  resistance  welded  HC  18  enclosure 
and  tin  plated  after  sealing  the  resonance 
frequency  decreased  by  about  20  ppm  after  aging 
at  a  temperature  of  105  °C  for  150  hours  (Fig.  1, 
curve  uncoated).  After  aging  for  a  longer  period 
the  negative  frequency  shift  will  even  be  worse 
as  saturation  ..as  not  been  reached  completely 
after  150  hours.  It  was  suspected  first  that 
water  vapor  penetrated  small  leaks  within  the 
glass-to-n etal  seal  or  the  weld  joint,  but 
leakage  tests  with  an  extremely  sensitive 
helium  detector  and  with  radioactive  tracing 
gases  showed  no  evidence  of  leaks.  Furthermore 
unplated  crystal  units  did  not  show  any  secondary 
frequency  shift.  Also  no  significant  change  in 
the  resonance  frequency  was  detected  immediately 
after  the  tin-plating  process.  The  significant 
frequency  shift  only  appeared  after  aging  at 
elevated  temperatures.  The  frequency  shift  was 


Fig.  1 


Extensive  investigations  by  means  of  a 
special  mass  spectrometer  have  shown  significant 
differences  in  the  composition  of  the  residual 
gas  in  the  enclosures.  The  first  row  of  figure  2 
represents  the  gas  composition  of  the  protective 
gas  inside  a  resistance  welded  crystal  unit 
immediately  after  sealing. 


Fig.  2 
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The  major  gas  components  are  hydrogen,  nitrogen, 
oxygen  and  argon  (protective  gas:  dry  air).  In 
the  second  row  the  analysis  of  the  residual  gas 
after  tin-plating  shows  already  a  small  amount  of 
water.  After  storage  at  elevated  temperatures, 
shown  in  the  third  row,  the  composition  of  the 
residual  gas  differs  significantly  from  the 
original  composition  of  the  residual  gas.  Both 
the  carbon-dioxide  and  the  water  vapor  content 
increased  consideraoly  wnich  led  to  a  decrease 
in  the  oxygen  content.  As  the  hydrogen  content 
did  not  change  significantly,  hydrogen  must  have 
penetrated  from  the  outside  of  the  enclosure  or 
be  liberated  from  the  metallic  components  of  the 
enclosure  during  the  temperature  storage.  The 
hydrogen  needed  to  form  water  vapor  may  come 
from  the  cleaning  processes  prior  to  the  tin¬ 
plating  (e.g.  pickling  in  acids  or  electrolytic 
degreasing)  during  which  atomic  hydrogen  is 
generated  which  diffuses  into  the  walls  of  the 
enclosure.  This  effect  is  very  pronounced  with 
steel  and  nickel.  Additionally  atomic  hydrogen 
is  developed  during  the  tin-plating  process  when 
the  enclosure  acts  as  cathode.  This  hydrogen 
will  fonn  water  causing  the  negative  frequency 
shift  by  mass  loading  due  to  water  vapor  ad¬ 
sorption.  It  is  still  unknown  which  process  of 
hydrogen  formation  dominates  and  how  water 
vapor  is  developed.  To  explain  these  phenomena 
the  investigations  -,ave  to  be  continued. 

However  the  present  knowledge  is  sufficient 
for  basic  considerations  for  the  design  of  an 
enclosure  in  which  no  water  vapor  is  formed 
which  could  change  the  resonance  frequency  after 
temperature  aging.  Extensive  investigations  have 
shown  that  certain  nickel  based  alloys  as  a  thin 
overall  coating  of  all  metallic  components  of 
the  enclosure  prevent  Doth  the  penetration  of 
hydrogen  into  the  wall  of  the  enclosure  as  well 
as  its  exit  from  the  wall  into  the  interior  of 
the  enclosure.  This  coating  is  about  50  pm  thick 
and  does  not  interfere  the  weldability.  Figure  1 
shows  the  resonance  frequency  of  a  4  MHz  quartz 
crystal  resonator  after  aging  whose  enclosure 
components  were  coated  with  the  afore  mentioned 
metallic  compound  prior  to  tin-plating.  The 
resonance  frequency  of  tin-plated  crystal  units 
with  coated  enclosures  hardly  show  any  change  in 
the  resonance  frequency  whereas  the  resonance 
frequency  drops  rapidly  with  increasing  aging 
time  when  the  enclosures  are  uncoated  before 
tin-plating.  Crystal  enclosures  with  this  special 
metallic  coating  can  be  economically  barrel  tin 
plated  after  sealing  to  protect  the  enclosures 
against  corrosion  and  to  achieve  a  perfect  solder- 
ability  of  the  flying  leads  without  affecting  the 
resonance  frequency  even  after  long-term  aging. 
Using  these  new  developed  enclosure  components 
the  main  problems  to  meet  the  requirements  of  the 
Mil-Specification  with  crystal  units  sealed  by 
resistance  welding  are  now  solved. 

Conclusion 


1.  thoroughly  degassed  enclosure  components 

2.  specially  coated  metal  surfaces  of  the 
enclosure  components 

3.  crystal  holders  with  reinforced  compression 
seals 

4.  adequate  crystal  mount  design  and  mount 
material 

5.  projection  welding  with  a  capacitor  discharge 
welding  equipment 

6.  tin  plating  of  the  crystal  units  after 
sealing,  preferable  with  a  tin-lead  alloy  to 
avoid  tin  whiskers  on  the  glass  beads. 
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To  meet  the  Mil-Specifications  for  high 
reliable  crystals  the  following  premises  for 
resistance  weld  enclosures  have  to  be  satisfied: 
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Summary 


This  paper  piesents  several  considera¬ 
tions  involved  in  the  development  of  an  automated 
test  system  employing  the  transmission  test 
method  recommended  by  the  International  Electro¬ 
technical  Commission  in  their  Publication  444. 

It  is  shown  that  the  method  fails  when  attempting 
to  measure  crystals  having  large  values  for  the 
ratio  of  the  resistance  to  the  reactance  of  the 
total  shunt  capacitance,  which  is  defined  in  the 
paper  as  <X  •  The  paper  further  details  the  em¬ 
ployment  of  a  capacitance  nulling  network  which 
is  embodied  in  a  completely  automatic  test  sys¬ 
tem.  The  automatic  test  system  which  emoloys  a 
microprocessor  CPU  is  discussed  and  measure¬ 
ment  data  is  presented.  Measurement  data  is 
shown  for  crystals  measured  over  the  range  from 
10  MHz  to  183  MHz.  These  measurements  show 
the  excellent  repeatability  of  standard  deviations 
on  the  order  of  part  per  10^  for  frequency  and 
less  than  0.5%  for  motional  parameters. 


Introduction 


Over  the  past  few  years  a  large  number  of 
papers  have  been  presented  which  give  different 
methods  for  making  passive  measurements  on 
quartz  crystals.  These  methods  include  the  net¬ 
work  analyzers  -  parameter  method^,  the  bal¬ 
anced  bridge  method^’  ^  and  the  zero  phase 
PI  -  network  technique®’  ®  as  described  in 
International  Electrotechnical  Commission, 
Publication  444.  This  paper  deals  with  the  zero 
phase,  PI  -  network  method,  and  its  application 
to  higher  frequency  crystals,  and  certain  aspects 
of  the  development  of  an  automatic  test  system  to 
facilitate  the  measurement  of  the  resonant  fre¬ 
quency  and  motional  parameters  of  quartz  crys¬ 
tals  at  temperatures  defined  over  a  specific 
temperature  range. 


The  need  for  precision  automatic  testing 
of  quartz  crystals  has  become  more  pressing  as 
the  production  volume  of  tight  tolerance  crystals 
has  increased.  In  recent  years  the  channel 


spacing  for  point  to  point  radio  communication 
has  been  reduced  from  50  KHz  to  25  KHz  and  in 
1980  for  some  requirements  to  12.5  KHz.  This 
places  rigid  constraints  upon  the  allowed  toler¬ 
ances  which  the  crystals  must  meet.  For  exam¬ 
ple,  the  temperature  variation  allowed  is 
5  ppm  maximum  over  the  range  from  -  20°C 
to  +  ?0°C.  Aging  is  specified  at  +  2  ppm  per 
year,  the  frequency  adjustment  is  specified  at 
+,  5  ppm  or  better,  and  the  motional  parameters 
must  be  controlled  to  within  _+  5%.  All  crystals 
employed  in  these  applications  must  therefore  be 
thoroughly  tested.  The  labor  involved  in  per¬ 
forming  these  tests  without  an  automatic  test 
system  is  appreciable  and  requires  a  reasonably 
skilled  operator  to  calibrate  the  measurement 
system  and  perform  the  tests.  The  automatic 
test  system  to  be  described  contains  software 
which  automatically  self-calibrates  the  system 
and  performs  the  test .  without  operator  support 
after  the  initial  data  has  been  entered. 

Some  Fundamental  Definitions 


At  frequencies  close  to  the  frequency  of 
the  mechanical  resonance  the  electrical  equiva¬ 
lent  circuit  is  represented  by  the  two  terminal 
network  shown  in  Figure  1  .  This  circuit  con¬ 
sists  of  a  capacitance  Cj,  inductance  Lj,  and 
resistance  Rj  in  series  shunted  by  the  parallel 
capacitance  Cq.  Figure  1  also  shows  curves 
which  represent  the  magnitude  of  the  impedance 
of  the  equivalent  electric  network  (1Z|),  its 
resistive  component  (Re),  its  reactive  component 
(Xe)  and  the  reactance  Xj  of  the  series  branch. 
Three  frequencies  fm,  fs  and  fr  are  also  shown. 
The  frequency  fm  is  defined  as  the  frequency  of 
the  minimum  impedance;  fs  is  the  resonant  fre¬ 
quency  of  the  series  arm;  and  fr  is  the  frequency 
of  zero  reactance  nearest  to  fg.  It  is  also  worth 
noting  that  f  is  also  known  as  the  frequency  of 
maximum  amplitude  and  fr  is  the  so-called  zero 
phase  frequency. 

We  should  also  note  that  generally  the  capac¬ 
itance  Cq  is  supplemented  by  additional  shunt  ca¬ 
pacitance  Cs  from  the  fixture  being  employed  by 
the  measurement  system. 
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At  this  point  we  shall  define  a  parameter  "  OC" 
to  be  equal  to  the  ratio  of  the  motional  resistance  of 
the  equivalent  electrical  circuit  to  the  reactance  of 
the  shunt  capacitance  at  series  resonance.  The  equa¬ 
tion  is 

OC  =  Rj  (2TTfs)  (C0  +  Cs) 

In  later  paragraphs  we  will  make  reference  to 
OC.  and  discuss  how  the  measurements  are  influenced 
by  its  magnitude. 

Also,  it  is  important  to  review  Figure  2, 
which  presents  both  the  measuring  circuit  and  the 
PI  -  network  recommended  in  the  International  Elec¬ 
trotechnical  Commission,  Publication  444.  The  zero 
phase  method  recommended  in  that  publication  has 
been  discussed  in  many  papers  including  those  refer¬ 
enced  and  needs  not  to  be  repeated  in  this  article. 

The  method  is  recommended  for  use  at  frequencies 
up  to  125  MHz,  but  it  is  at  these  higher  frequencies 
that  considerable  care  must  be  exercised  in  the  in¬ 
terpretation  of  the  measurement  data.  This  is  large¬ 
ly  because  of  the  larger  value  of  Oi  for  higher  over¬ 
tone  crystals  at  higher  frequencies. 

Use  of  Transmission  Method 
at  Higher  Frequencies 

Difficulties  are  readily  apparent  when  the  re¬ 
commended  method  is  employed  and  higher  frequen¬ 
cies  under  conditions  when  the  value  of  Of.  is  large. 

If  we  analyze  the  PI  -  network  containing  the  quartz 
resonator  and  express  the  transmission  amplitude 
and  phase  in  terms  of  OC  we  can  then  plot  the  ampli¬ 
tude  and  phase  as  a  function  of  frequency  for  different 
values  of  oC  . 

Figure  3  shows  the  relative  amplitude  of  the 
transmitted  signal  about  the  series  resonant  frequen¬ 
cy.  In  this  plot  the  abscissa  is  frequency  dimension¬ 
ed  in  half  -  3dB  bandwidths  and  the  ordinate  is  nor¬ 
malized  amplitude.  Five  plots  are  shown  for  values 
of  OC  ranging  from  0  to  .8.  The  curves  have  been 
normalized  so  that  the  maximum  amplitude  of  each 
curve  is  100.  The  important  thing  to  note  is  that  the 
frequency  of  maximum  amplitude  is  decreasing  and 
the  shape  of  the  resonance  curves  becomes  more  dis¬ 
symmetrical  as  the  value  of  CX.  increases. 

Figure  4  shows  six  plots  of  the  transmission 
phase  as  a  function  of  frequency  for  values  of  cx. 
ranging  from  0  to  1.  In  this  figure  the  abscissa  is 
frequency  dimensioned  in  half  -  3dB  bandwidths  and 
the  ordinate  is  in  degrees  of  nhase.  Several  things 
are  illustrated  in  this  figure.  First,  we  see  that  .or 
small  values  of  oC  the  frequency  where  the  phase  is 
zero  is  increasing  for  increasing  values  of  Cf  . 

Also,  we  see  that  for  certain  values  of  CC  the  trans¬ 
mission  phase  no  longer  has  a  zero  phase  frequency 
within  the  3dB  bandwidth  of  the  series  resonant  fre¬ 
quency.  With  the  PI  -  network  shown  in  Figure  2, 
the  limiting  value  of  Oi  is  0.5.  For  values  of  oc 
above  this,  no  zero  phase  frequency  will  occur. 


Several  examples  serve  to  put  this  into  per¬ 
spective.  For  example,  a  15  MHz  crystal  with  a 
12  CL  resistance  and  a  Cq  +  Cs  of  5  pf  will  have  an 
oc  of  .005?  for  the  fundamental  mode  resonance, 
whereas  the  same  crystal  measured  on  7th  overtone 
mode  has  an  oc  of  .  142.  Another  example  is  that  of 
a  filter  crystal  having  a  series  resistance  of  156  -TI_ 
on  5th  overtone  at  120  MHz  and  a  total  parallel  capac¬ 
itance  of  4.  6  pf.  This  crystal  has  an  OC  of  about  0.  55 
and  would  therefore  not  exhibit  a  zero  phase  frequen¬ 
cy,  even  though  it  is  well  within  the  applicable  fre¬ 
quency  range  of  the  recommended  method. 

It  is  also  obvious,  that  for  smaller  values  of 
,  considerable  interpretation  is  necessary  to  ef¬ 
fectively  use  the  measured  data  and  that  the  method 
must  be  augmented  in  some  way  if  it  is  to  be  applied 
to  measure  crystals  for  which  OC  is  greater  than  0.2. 

Means  of  Using  the  IEC  Zero  Phase  Measure¬ 
ment  Method  for  HiKher  Frequency  Crystals 

Two  ways  of  utilizing  the  IEC  method  to  allow 
for  the  determination  of  the  series  resonant  frequen¬ 
cy  and  the  motional  parameters  involve  on  one  hand 
computing  the  parameters  after  certain  frequency  and 
amplitude  measurements  are  made  and  on  the  other 
hand  minimizing  the  value  of  oc  by  employing  a  ca¬ 
pacitance  nulling  circuit  across  the  crystal. 

Figure  5  presents  an  algorithm  which  can  be 
employed  for  values  of  ox.  £.  .2.  The  steps  consist 
of  measuring  the  zero  phase  frequency,  the  value  of 
the  maximum  amplitude,  measuring  the  frequencies 
of  the  upper  and  lower  -  3dB  level  on  the  amplitude 
response.  From  these  measurements  the  constant 
K  is  computed  and  then  OC  .  Once  oc  is  computed 
Fs,  Rj  and  Lj  may  be  computed  from  the  equations 
shown  in  Figure  5. 

As  mentioned  as  an  alternative  to  this  is  the 
incorporation  of  a  network  to  null  out  the  capacitance 
which  shunts  the  series  motional  arm  of  the  equiva¬ 
lent  circuit^).  This  is  accomplished  by  employing 
the  network  shown  in  Figure  6.  The  inductance  is 
placed  directly  across  the  crystal  resonator  and 
tuning  is  performed  by  biasing  the  varacter  diodes. 

As  this  effective  parallel  capacitance  is  decreased, 
the  values  of  fm  and  fr  converge  to  fs.  In  this  case, 
the  measurement  of  the  zero  phase  frequency  suffices. 

For  example,  for  the  183.2  MHz  crystal 
whose  measurement  data  is  shown  in  Figure  11, 
the  effective  parallel  capacitance  is  reduced  by  the 
nulling  circuit  to  about  0.03  pf  which  results  in  an 
OC  of  0.  0028.  The  difference  frequency  between  fs 
and  fr  related  to  this  small  OC  value  is  15.  12  Hz  or 

8.26  pp  10®. 
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Application  of  Microprocessor  Control 
Techniques  to  the  Measurement  Process 

For  several  reasons  the  passive  zero  phase 
measurement  method  lends  itself  to  computer  imple¬ 
mentation.  The  block  diagram  of  such  an  embodiment 
is  shown  in  Figure  7.  This  system,  Comtec  Model 
770204- VHF,  consists  of  the  following  components: 

Microprocessor  -  CPU  with  PROM  and  RAM 
Memory,  Data  I/O  Interface, 

Keyboard  for  data  entry, 

CRT  Display  for  system  -  operator  interaction, 
Magnetic  Disc  Unit, 

Printer, 

RS-232  Interface  Output  Buss, 

2  Frequency  Synthesizers, 

Measurement  Unit,  and 
2  Ambient  Temperature  Test  Chambers 
with  Mechanical  Transport  Fixtures 
and  Temperature  Controls 

Figure  8  shows  the  block  diagram  of  the 
measurement  unit  for  Model  770204- VHF.  The  two 
frequency  synthesizer  units  employ  the  same  fre¬ 
quency  standard  which  is  controlled  by  the  computer 
via  a  BCD  programmable  interface.  One  frequency 
syrthesizer  unit  drives  the  PI  -  network  containing 
the  crystal  being  tested,  and  the  other  frequency 
synthesizer  unit  serves  as  a  tracking  reference  fre¬ 
quency  used  to  establish  a  25  KHz  intermediate  fre¬ 
quency. 

The  test  and  reference  signals  are  processed 
by  squaring  amplifiers  and  trigger  circuits  and  ap¬ 
plied  to  a  phase  to  voltage  converter.  The  purpose 
of  this  circuit  is  to  convert  the  phase  difference 
between  the  reference  signal  and  the  test  signal  into 
a  voltage  proportional  to  the  magnitude  of  the  phase 
difference.  This  difference  is  returned  to  the 
computer  in  BCD. 

The  amplitude  of  the  test  signal  is  also 
monitored  and  converted  to  DC  before  it  is  fed  to 
the  computer  in  binary  code. 

The  computer  also  controls  the  biasing  of  the 
varacter  diodes  in  the  capacitance  nulling  circuits. 
The  nulling  is  performed  at  a  frequency  which  is 
100  KHz  below  the  nominal  crystal  frequency.  The 
varacters  are  tuned  for  a  minimum  of  the  test 
signal. 

The  major  steps  in  the  Automatic  Test  Se¬ 
quence  are  shown  in  Figure  9.  The  steps  shown 
allow  for  the  measurement  of  frequency,  Rj,  Lj 
or  Ci  and  Cq.  The  operator  can  specify  which  of 
the  parameters  are  to  be  measured. 

System  Calibration 


compensated  for.  The  initial  calibration  takes  place 
with  the  crystal  holder  in  the  "home  position".  In 
this  arrangement  the  measurement  head  is  in  an 
open  circuit  condition.  The  computer  proceeds  to 
null  out  the  capacitance  at  the  nominal  frequencies  of 
each  frequency  group  of  crystals  which  are  to  be 
measured.  The  related  data  is  stored  in  memory. 

The  crystal  holder  is  then  positioned  so  that  the 
shorting  bar  located  in  the  00  position  of  the  crystal 
holder  is  across  the  jaws  of  the  measurement  head, 
thus  establishing  a  short  circuit  condition.  Under 
this  condition  the  "zero  phase"  condition  and  the 
reference  amplitude  is  determined  for  each  frequency 
group  and  these  are  stored  in  memory.  The  crystal 
holder  is  then  indexed  sequentially  from  crystal  to 
crystal  and  the  value  of  the  pre-nulled  amplitude  is 
measured  and  stored.  The  frequency  is  then  off-set 
to  100  KHz  belcw  the  nominal  frequency  of  each  group 
and  the  biasing  voltage  equivalent  to  the  nulled  condi¬ 
tion  is  determined  and  stored.  By  utilizing  this  type 
of  calibration  many  system  variables  can  be  com¬ 
pensated  for  to  allow  for  very  precise  crystal 
measurements. 

Examples  of  Measurement  Data 

Figures  10  and  11  show  tabulations  of  data  for 
crystals  ranging  from  10  MHz  to  183  MHz. 

In  Figure  10  is  shown  the  printout  from  a  test 
run  in  which  crystals  having  frequencies  ranging  from 
10  MHz  to  90.42  MHz  were  tested.  A  major  advan¬ 
tage  of  this  test  system  is  that  lots  of  crystals  having 
widely  different  frequencies  may  be  tested  simultane¬ 
ously. 

The  input  data  is  shown  at  the  top  of  the  listing. 
This  includes  the  date,  the  shift,  an  operator  identifi¬ 
cation,  the  desired  print-out  mode,  the  oven  which  is 
being  used,  the  temperature  profile  desired  (up  to 
100  sets  of  temperatures  may  be  stored  on  magnetic 
disk),  the  test  mode  (designates  which  parameters  are 
to  be  measured),  the  frequency  range,  and  the  crystal 
code  (up  to  1,000  different  sets  of  crystal  specifica¬ 
tions  may  be  stored  on  the  magnetic  disk).  The 
operator  then  inputs  the  nominal  frequency  of  each 
frequency  group  entering  the  location  (1  to  99)  of  the 
last  unit  for  each  group.  The  print-out  of  data  shows 
the  entered  nominal  frequency,  the  measured  frequen¬ 
cy,  the  resistance  and  the  motional  inductance. 

In  Figure  1 1  is  shown  the  repeated  measure¬ 
ment  of  four  different  frequency  crystals  having  fre¬ 
quencies  of  110  MHz,  154  MHz,  176  MHz  and 
183  MHz.  An  analysis  of  this  data  to  determine  the 
mean  of  each  set  of  measurements  and  the  standard 
deviation  is  given  below.  The  standard  deviation  is 
also  given  in  parts  per  10®  for  frequency  as  well  as 
in  Hz  and  percent  for  both  resistance  and  inductance 
as  well  as  ohms  and  milli  Henries  respectively. 


As  mentioned  earlier,  the  system  is  self¬ 
calibrating  with  the  calibration  taking  place  at  each 
temperature  so  that  variations  with  temperature  are 
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Data  Analysis 


Mean 

Standard 

Standard 

Unit 

Frequency 

Deviation 

Deviation 

(Hz) 

(Hz) 

(pplO8) 

A 

110,002,093.8 

2.48 

2.26 

B 

154,  001, 324.  3 

3.89 

2.  52 

C 

176,797,950.8 

13.02 

7.36 

D 

183,  199,435.9 

8.93 

4.  87 

Mean 

Standard 

Standard 

Unit 

Resistance 

Deviation 

Deviation 

(A) 

(il) 

(%) 

A 

39.32 

.  063 

0.  16 

B 

77. 17 

.  094 

0.  12 

C 

207.88 

.  162 

0.08 

D 

80.90 

.  17 

0.21 

Mean 

Standard 

Standard 

Unit 

Inductance 

Deviation 

Deviation 

(mH) 

(mH) 

(%) 

A 

4. 197 

.  0067 

0.  16 

B 

4.  847 

.0094 

0.  19 

C 

1.829 

.0057 

0.  31 

D 

2.514 

.  005 

0.  20 

An  interesting  point  is  that  the 

176  MHz 

crystal  has  a  Q  of  only  10,000  and  an  ct  of  about  1.  1. 
This  crystal  would  not  have  a  zero  phase  frequency 
within  the  3dB  bandwidth  of  the  series  resonant  fre¬ 
quency.  It  is  only  possible  to  measure  such  crystals 
when  the  shunt  capacity  is  nu’led  out,  which  is  accom¬ 
plished  automatically  with  this  system. 

Mechanical  Construction 

An  important  part  of  any  test  system  is  the 
mechanical  construction,  which  in  this  system  in¬ 
cludes  the  automatic  positioning  of  the  crystals  and 
the  construction  of  the  measurement  head.  In  the  de¬ 
velopment  of  this  automatic  test  system  the  early 
measurement  heads  were  produced  employing  the  rod 
and  disk  resistors  referred  to  in  the  IEC  Publication 
444.  However,  these  were  found  to  be  less  than 
satisfactory.  The  major  problem  was  that  the  parts 
would  not  remain  stable  after  repeated  temperature 
cycling.  The  rod  and  disk  resistor  were  fitted  into 
the  heads  using  a  variety  of  methods  employing 
solder  and  a  number  of  different  types  of  conductive 
epoxies.  None  of  these  methods  proved  to  be  suc¬ 
cessful  in  achieving  the  desired  results.  For  this 
reason,  Comtec  developed  a  thickfilm  PI  -  network. 
The  three  resistor  disk  -  rod  -  disk  arrangement  is 
replaced  by  a  symmetrical  thickfilm  arrangement  of 
five  resistors  on  a  ceramic  substrate.  When  the  cir¬ 
cuits  are  placed  into  the  heads,  their  values  coincide 
with  those  of  the  rod  and  disk  version. 

The  construction  of  the  measurement  head  is 
shown  in  Figure  12  in  three  photographs.  Figure 
12-A  shows  a  breakdown  of  it  into  its  different  com¬ 


ponents.  The  knife  -  edge  contacts  are  attached  di¬ 
rectly  to  the  ceramic  substrate.  This  results  in  a 
very  short  path  length  from  the  contact  to  the  crystal 
to  each  PI  section.  Figure  12-C  shows  the  head  with 
the  capacitance  nulling  head  in  place.  Figure  13 
shows  a  diagram  of  how  the  contact  to  the  crystal  is 
made.  The  crystals  are  placed  into  a  holder  whose 
construction  is  shown  in  Figure  14.  This  holder  will 
accommodate  99  crystals.  The  0  position  is  reserved 
for  either  a  shorting  bar  or  a  reference  calibration 
resistor.  However,  the  system,  Model  770204- VHF, 
can  test  198  crystals  simultaneously  since  it  comes 
with  two  test  chambers.  While  one  chamber  is  sta¬ 
bilizing  at  a  temperature,  the  system  is  making  meas¬ 
urements  on  crystals  in  the  other  chamber. 

Figure  15  shows  a  photograph  of  the  test 
chamber  door  containing  the  transport  fixturing,  the 
head  mechanism  and  the  crystal  holder.  Rigid 
coaxial  cable  is  employed  between  the  measuring 
head  and  the  hetrodyne  circuitry  mounted  on  the  out¬ 
side  of  the  door.  Figure  16  shows  a  close-up  of  the 
measurement  head  making  contact  to  the  crystals. 

Conclusion 

A  development  program  has  been  carried  out 
to  explore  and  overcome  the  difficulties  in  the  appli¬ 
cation  of  the  transmission  measurement  technique 
and  extend  its  range  to  frequencies  at  and  above 
200  MHz. 

Comtec  has  completed  the  development  of  a 
completely  automatic  test  system  capable  of  measur¬ 
ing  the  frequency  and  the  parameters  of  the  equiva¬ 
lent  electrical  circuit,  both  at  room  temperatures 
and  at  temperatures  over  a  broad  range.  The  total 
operational  system  has  been  developed  and  system 
computers  have  been  in  field  operation  for  more  than 
one  year.  Preliminary  lower  limit  estimates  of  the 
absolute  accuracy  of  the  resonance  frequency,  resis¬ 
tance  and  motional  inductance  are  t  2  pplO^  m  the 
range  up  to  50  MHz,  H-  5  pplO^  up  to  100  MHz, 

J.  1  ppm  up  to  200  MHz  and  _f  2%  up  to  100  MHz  and 
+_  4%  up  to  200  MHz  for  the  motional  parameters. 

The  authors  wish  also  to  thank  Mr.  H.  O. 

Lewis  and  Mr.  M.  S.  Voelker  for  their  contributions 
to  the  development  and  design  effort. 
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AUTOMATIC  MEASUREMENT  OF  PARAMETERS  OF  VHF  QUARTZ 
CRYSTAL  RESONATORS 


Y.  Tsuzuki,  M.  Toki,  T.  Adachi  and  H.  Yanagi 

Yokohama  National  University 
Hodogaya-ku,  Yokohama  240 
Japan 


Summary 

An  automatic  precise  measurement  method  of 
all  parameters  of  VHF  quartz  crystal  units  is  de¬ 
scribed.  Whole  measuring  system,  including  a  mini¬ 
computer  for  data  processing,  has  been  arranged, 
and  measurements  were  made  on  125MHz  and  175MHz 
crystal  units.  The  results  suggest  that  the  system 
can  be  a  precise  measuring  method  of  all  parameters 
of  a  VHF  crystal  unit. 


Introduction 

As  VHF  quartz  crystal  resonators  take  more  and 
more  important  roles  in  communication  techniques, 
precise  measurement  of  resonator  parameters  in  VHF 
range  becomes  important  and  efforts  have  been  made 
in  many  places. 

Electrical  characteristics  of  a  resonator  in 
the  vicinity  of  its  resonance  frequency  can  usually 
be  represented  by  equivalent  circuit,  consisting  of 
RjLiCi series  resonance  circuit  with  equivalent  par¬ 
allel  capacitance  Co,  as  phowr.  in  Fig.  1.  Instead 
of  a  set  of  four  parameters:  R! ,  Li,  Cj  and  C0,  an¬ 
other  set  of  parameters  is  usually  used.  These  are 
the  series  resonance  frequency  f  ,  the  motional  re¬ 
sistance  Rj,  the  motional  inductance  L]  and  the  ca¬ 
pacitance  ratio  r  »  Cq/C j.  In  these  parameters,  f 
is  the  most  important,  and  R[  the  next.  However, 
as  we  cannot  measure  f  and  Rj  directly,  zero  sus- 
ceptance  frequency  f  and  the  equivalent  resistance 
R  at  f  are  frequently  used  as  the  substitutes. 

The  differences  between  these  parameters  are  negli¬ 
gibly  small  when  the  frequency  is  relatively  low, 
say,  lower  than  100MHz.  As  the  relating  parameters, 
quality  factor  Q  and  figure  of  merit  M  “  Q/r  are 
also  important.  The  figure  of  merit  M  is  relative¬ 
ly  small  in  VHF  range,  say  less  than  10  in  the  fre¬ 
quency  range  higher  than  100MHz.  This  makes  the 
difference  between  f  and  f  ,  and  the  difference 
between  Rj  and  Rr  considerably  large. 

As  measurement  methods  in  VHF  range,  Cl-meter 
and  ir-network  method  are  widely  in  use[l).  These 
methods  are  mainly  for  f  and  R  measurements.  The 
reference  resistor  is  used  as  the  pure  resistance 
element  even  in  VHF  range.  It  seems  that  it  is 
very  difficult  to  obtain  pure  resistance  elements 


in  VHF  range,  and  it  is,  therefore,  difficult  to  e- 
valuate  absolute  errors  of  the  measurement.  How¬ 
ever,  the  reproducibility  of  the  measurement  has 
been  established  and  the  methods  are  useful  in  man¬ 
ufacturing  and  inspection  processes. 

Features  of  the  method  in  this  paper  are: 

(1)  All  parameters  can  be  measured  without  use 
of  reference  resistors. 

(2)  Accuracy  as  well  as  reproducibility  can  be 
evaluated . 


Principle  of  measurement 

This  method  is  basically  a  kind  of  transmis¬ 
sion  method.  (Fig.  1) 

First,  the  frequency  characteristics  of  the 
voltage  ratio  A  *»  [  V2/V 1 1  are  measured  automatical¬ 
ly  with  the  equal  frequency  separation  in  the  vi¬ 
cinity  of  the  resonance  frequency.  If  the  effect 
of  the  residual  susceptance  BL  in  the  load  circuit 
is  negligibly  small,  all  parameters  of  a  crystal 
unit  can  be  determined  from  the  frequency  character¬ 
istics  of  the  voltage  ratio.  In  VHF  range,  however, 
we  must  take  the  effect  of  the  residual  susceptance 
into  consideration.  Therefore,  next,  the  frequency 
characteristics  of  the  phase  difference  between  Vj 
and  V2  are  measured  around  the  zero  phase  frequency 
with  an  equal  frequency  separation,  in  order  to  de¬ 
termine  the  zero  phase  frequency  precisely.  The 
values  of  crystal  parameters  and  the  residual  sus¬ 
ceptance  are  determined  so  that  the  frequency  char¬ 
acteristics  calculated  from  these  values  give  the 
best  agreement  with  the  measured  data.  Once  the 
evaluation  of  the  residual  susceptance  is  carefully 
made  with  several  resonators  having  good  perform¬ 
ance,  the  phase  difference  measurement  is  not  neces¬ 
sary  thereafter. 


Data  processing 

The  procedure  of  the  data  processing  method  is 
as  follows.  First,  a  set  of  initial  approximate 
values  of  the  four  parameters  are  determined  in  a 
simple  manrer — by  equating  f  to  the  maximum  voltage 
ratio  frequency  f  in  Fig.  3,  for  instance,  approx¬ 
imate  values  of  the  voltage  ratio  A  are  calculated 
from  these  initial  parameter  values  and  the  differ¬ 
ences  5A  between  the  calculated  values  of  the  volt- 
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age  ratio  A  from  the  measured  data  are  obtained. 
Then,  correction  is  made  on  each  parameter  so  ns  to 
reduce  the  differences  6A  throughout  the  frequency 
range  of  the  data  processing.  This  correction  pro¬ 
cess  is  repeated  until  the  correction  terms  of  each 
parameter  become  satsfactorily  small. 

The  equation  for  the  calculation  of  the  cor¬ 
rection  terms  are  derived  in  the  following  manner. 
Let  6fg,  6Rj  ,  6Lj  and  Sr  be  the  correction  terms 
of  the  initial  approximate  values  of  the  parameters. 
If  the  correction  terms  are  small,  the  following 
first  order  approximation  can  be  used. 

6A  =  (3A/3fs)5fs  +  (3A/3Rj)SRj 


auency  of  (V^/Vj)  can  be  calculated  from  these 
parameter  values.  This  frequency  differs  more  or 
less  from  the  measured  one  because  of  che  neglect 
of  the  residual  susceptance  in  the  load  circuit. 

The  residual  susceptance  B^  can  be  evaluated  from 
the  difference  between  the  two  frequencies,  and  all 
parameter  values  are  re-calculated  by  taking  the 
existence  of  into  consideration. 

Automatic  measuring  system 

Figure  4  shows  the  diagram  of  the  whole  meas¬ 
uring  system,  including  minicomputer  for  data  pro¬ 
cessing. 


+  (3A/3Li)6Lj  +  (3A/3r)5r  (1) 


On  the  basis  of  the  Least  Square  Method,  correction 
terms,  which  reduce  the  differences  5A  throughout 
the  frequency  range  of  the  data  processing,  are  de¬ 
termined  so  as  to  minimize  the  square  sum  of  the 
resultant  deviation  in  (1): 

N 

S  =  l  [  6A  -  (3A/3f  )6f  -  (3A/3Ri)6Ri 

i=l  s  s 

-  (3A/3Li)6Lj  -  (3A/3r)6r  ]2.,  (2) 


where  N  is  the  number  of  data  used  in  the  data  pro¬ 
cessing.  This  procedure  gives  the  following  equa¬ 
tion  for  the  correction  terms. 
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The  measurement  of  the  voltage  transfer  ratio 
is  carried  out  under  the  control  of  the  System  Con¬ 
troller  (utilizing  microcomputer).  The  output  sig¬ 
nal  of  a  Frequency  Synthesizer  goes  through  a  Low 
Pass  Filter  and  an  Attenuator,  and  reaches  the  in¬ 
put  of  the  Transmission  Circuit.  The  input  and 
output  voltages  go  to  the  Vector  Voltmeter,  and  are 
converted  to  20kHz  IF  outputs.  Then,  these  20kHz 
signals  are  converted  to  digital  signals  by  the 
Digital  Level  Meter,  and  stored  in  a  memory  in  the 
system  controller.  For  the  phase  angle  measurement, 
the  d.c.  output  of  the  phase  angle  from  the  vector 
voltmeter  is  converted  to  digital  signal,  and  also 
stored  in  the  memory.  During  the  entire  measure¬ 
ment,  the  output  voltage  of  the  transmission  circuit 
is  kept  constant  by  an  Automatic  Attenuator,  that 
is,  the  crystal  current  is  kept  constant  during  the 
measurement  to  avoid  the  effect  of  drive  level  de¬ 
pendency.  After  the  data  measurement,  the  whole 
data  are  transfered  to  the  Minicomputer  for  data 
processing.  The  values  of  the  parameters  and  other 
relating  informations,  such  as  r.m.s.  deviation  in 
simulation,  are  typed  out  from  the  Teletypewriter. 

In  the  voltage  ratio  measurement,  the  initial  cali¬ 
bration  of  the  system  is  made  by  using  precision 
attenuators  so  that  the  systematic  errors  produced 
by  the  vector  voltmeter  and  the  digital  level  meter 
becomes  as  small  as  possible. 

The  operation  of  the  system  is  rather  simple. 

As  the  initial  setting,  nominal  frequency  of  the 
crystal  unit  is  put  into  the  controller  from  the 
keyboard.  Then,  the  system  controller  makes  a  sur¬ 
vey  of  the  resonance  curve,  and  decides  the  start¬ 
ing  frequency  and  the  frequency  increment,  and  auto¬ 
matically  starts  the  measurement. 


where  the  summations  are  over  the  whole  data  used 
in  the  data  processing.  In  th„  frequency  range 
lower  than  100MHz,  where  the  figure  of  merit  of  a 
resonator  is  usually  larger  than  10,  the  equations 
for  the  correction  terms  become  much  simpler [2]. 

By  using  the  equation  (3),  the  evaluation  of 
the  residual  susceptance  Bj  and  the  determination 
of  all  parameter  values  are  made  in  the  following 
manner.  At  first,  the  values  of  the  parameters  are 
determined  from  the  measured  voltage  ratio  charac¬ 
teristics  by  assuming  that  the  load  circuit  is  a 
pure  resistance  element.  Then,  the  zero  phase  fre- 


The  transmission  circuit  used  is  originally 
designed  by  Dr.  Koga,  and  is  in  wide  use  in  Jsoan 
as  the  precise  measuring  circuit.  The  crystal  sock¬ 
ets  are  directly  connected  to  the  receptacles  for 
the  probe  tips  of  the  vector  voltmeter.  A  slight 
modification  was  made  on  the  load  circuit.  That  is, 
an  originally  attached  carbon  resistor  and  a  com¬ 
pensating  capacitor  were  replaced  by  a  metal  film 
tip  resistor.  This  load  resistor  is  connected  be¬ 
tween  the  output  side  crystal  socket  ar.d  the  ground¬ 
ing  metal  sheath  for  the  voltmeter  probe  in  the 
shortest  distance  so  as  to  make  parasitic  reactance 
as  small  as  possible. 
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Figure  5  shows  an  example  of  the  prin.ed  output 
of  the  measuring  system.  All  informations,  includ¬ 
ing  measured  data  and  processed  results,  are  listed 
in  it.  Important  portions  of  the  above  results  are 
extracted  and  shown  in  Fig.  6.  The  measured  volt¬ 
age  ratio  characteristics  of  a  5th  overtone  125MHz 
crystal  unit  are  shown  in  (a) .  The  number  of  actu¬ 
ally  measured  data  is  twice  of  the  number  of  points 
in  the  figure,  and  only  the  even  numbered  points 
are  plotted  in  the  figure.  The  data  near  the  par¬ 
allel  resonance  frequency,  that  is,  the  data  on  the 
right  side  of  the  vertical  broken  line  in  the  fig¬ 
ure  were  not  used  in  the  data  processing.  The  ob¬ 
tained  values  of  the  parameters  and  also  the  evalu¬ 
ated  value  of  the  residual  susceptance  in  the  load 
impedance  in  the  form  of  the  phase  angle  are  shown 
in  (b).  This  phase  an^ie  is  equivalent  to  the  ex- 
sistence  of  0.24pF  of  resultant  stray  capacitance 
C k  in  parallel  with  the  load  resistance  R^,  and  is 
a  negligibly  small  value.  The  distribution  of  the 
residual  differences  between  the  measured  voltage 
ratio  characteristics  data  and  the  calculated  ones, 
calculated  by  using  the  obtained  parameter  values, 
are  shown  in  (c).  The  r.m.s.  deviation  a  is  merely 
0.4%  and  the  agreement  is  very  well.  This  means 
that  the  crystal  parameters  were  measured  precisely. 


Table  I  shows  the  measured  results  on  three 
different  crystal  units  having  the  resonance  fre¬ 
quencies  of  125Mllz  in  5th  overtone  and  175MHz  in  7  th 
overtone.  The  r.m.s.  deviation  o A  of  the  voltage 
ratio  is  less  than  0.5%  for  all  resonators.  The 
phase  angle  of  the  load  impedance  were  evaluated  to 
be  less  than  about  1  degree  for  all  resonators. 

From  these  experimental  results  up  to  175MHz,  the 
measurement  errors  are  less  than  1  x  10“'  in  fg  and 
less  than  2%  in  Rj,  Li  and  r. 
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Conclusion 

An  automatic  precise  measuring  method  of  all 
equivalent  circuit  parameters:  f  ,  R  ,  L  and  r, 
and  relating  parameters  such  as  Q  and  M  of  VHF 
quartz  crystal  resonators  has  been  developed.  Whole 
measuring  system,  including  a  minicomputer  for  data 
processing,  has  been  arranged.  Experimental  results 
of  measurements  on  125MHz  and  175MHz  crystal  units 
suggest  the  estimated  errors  are  less  than  1  x  10'? 
in  fg  and  less  than  2%  in  R),  L]  and  r. 

This  method  can  be  used  for  the  measurement  in 
the  frequency  range  higher  than  175MHz.  However, 
it  is  necessary  to  prepare  crystal  units  having 
good  performances  in  order  to  estimate  the  accuracy 
of  the  measurement. 
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Fig.1  Equivalent  Circuit 


Fig. 4  Automatic  Measurement  System  of  VHF 
Quartz  Crystal  Resonators 
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Frequency  Characteristics 
of  Voltage  Transfer  Ratio 
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Table  1  Measured  Results  of  Three  Resonators 
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Crystal  Current  0,09  mA 
Temperature  25.3  C 


DIGITAL  FILTERS  -  AN  OVERVIEW 


F,  J.  Witt 

Bell  Telephone  Laboratories 
No.  Andover,  MA  01845 


In  ray  remarks  I  will  attempt  to  set  dig¬ 
ital  filters  in  the  proper  perspective 
relative  to  the  other  filter  technologies 
which  are  being  discussed  during  this  ses¬ 
sion.  First,  some  clarification  of  what 
is  meant  by  digital  filters  is  in  order. 

I  like  to  think  of  digital  filters  as  a 
subset  of  two  more  general  categories  - 
digital  signal  processors  and  sampled- 
data  filters. 

By  digital  signal  processing  is  meant  the 
manipulation  of  signals  which  are  repre¬ 
sented  in  digital  form.  Such  processes 
as  modulation,  amplification,  limiting, 
detection,  multiplexing  and  filtering  may 
be  performed  on  signals  which  are  repre¬ 
sented  in  digital,  usually  binary,  form. 

In  most  hardware  implementations  of  dig¬ 
ital  filters,  some  of  these  other  pro¬ 
cesses  are  usually  also  being  performed. 

In  fact,  it  is  rare  to  see  a  stand-alone 
digital  filter  in  a  system  application. 
Even  more  rare  is  a  digital  filter  in  an 
analog  signal  processing  environment, 
where,  of  course,  suitable  A/D  and  D/A 
converters  would  be  required  before  and 
after  the  digital  filter.  Digital  filters 
more  often  find  application  in  systems 
where  the  signals  appear  in  a  digital 
representation,  rather  than  in  an  analog 
format.  The  term  digital  filtering  is 
also  applied  to  nonhardware  applications, 
such  as  the  processing  of  noisy  images 
with  the  aid  of  a  digital  computer  to 
improve  resolution. 

The  other  more  general  category,  sampled- 
data  filters,  applies  to  filters  which 
act  on  signals  which  have  been  sampled, 
in  contrast  to  the  more  traditional  con¬ 
cept  of  a  filter,  which  processes  a  con¬ 
tinuous  representation  of  the  signal. 

This  distinction  has  some  very  important 
ramifications  which  significantly  influ¬ 
ence  the  way  in  which  digital  filters  are 
applied.  The  digital  filter  is  a  sarapled- 
data  filter  for  which  the  amplitude  levels 


have  been  quantized  so  that  a  digital, 
again  usually  binary,  representation  of 
the  individual  samples  may  be  used. 

In  Figure  1  we  see  a  comparison  of  four 
ways  of  realizing  roughly  comparable  fil¬ 
ter  characteristics.  These  are  an  LC  pas¬ 
sive  filter,  an  RC  active  filter,  a 
switched  capacitor  active  filter  and  a 
digital  filter.  This  session  has  slighted 
the  LC  passive  filter,  but  I'm  sure  most 
of  you  realize  that  it  still  plays  an 
important  role  in  modem  telecommunica¬ 
tions  equipment.  The  RC  active  filter 
has  supplanted  the  LC  passive  filter  in 
many  low  frequency  (<50  kHz)  applications. 

In  the  last  few  years,  the  switched  capac¬ 
itor  filter  has  emerged  as  a  best  choice 
in  some  low  frequency  applications.  This 
technology  has  the  advantage  that  it  per¬ 
mits  the  realization  of  fairly  complex 
precision  filters  on  a  single  chip  of 
silicon  and,  most  importantly,  it  provides 
a  filter  realization  approach  which  re¬ 
quires  no  tuning.  In  the  digital  filter, 
we  see  that  the  building  blocks  are  multi¬ 
pliers,  adders  and  delay  elements,  the 
latter  playing  the  memory  role  of  the  L 
and  C  elements  used  in  the  other  approaches. 
The  delay  elements  are  usually  realized  as 
shift  registers. 

In  Figure  1  we  sec  a  particular  digital 
filter  topology.  Note  that  there  are  feed 
back  paths  in  the  filter.  Such  a  filter 
Is  referred  to  as  a  "recursive"  digital 
filter.  It  has  also  been  called  an  "in¬ 
finite  impulse  response"  or  HR  filter. 

We  may  also  derive  a  digital  filter  from 
a  transversal  or  "tapped  delay  line"  fil¬ 
ter.  In  this  case,  weighted  signals  from 
the  individual  taps  are  combined  to  real¬ 
ize  the  desired  filter  characteristic. 

Here,  there  is  no  feedback,  and  the  filter 
is  referred  to  as  a  "nonrecursive"  digital 
filter.  Also,  since  an  input  signal  of 
limited  duration  will  eventually  pass 
through  the  filter,  such  filters  are  often 
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called  "finite  impulse  response"  or  FIR 
filters.  So  much  for  the  jargon,  but  I  do 
wish  to  make  the  point  that  there  are  many 
(more  than  I  have  discussed)  digital  filter 
topologies  which  must  be  considered. 

A  related  issue  also  concerns  filter  archi¬ 
tecture.  A  key  building  block  in  a  digital 
filter  is  the  multiplier.  Suppose  I  wish 
to  multiply  a  binary  number  by  a  constant. 

I  have  several  choices.  One  common  ap¬ 
proach,  which  is  similar  to  the  way  we  man¬ 
ually  multiply  two  numbers  together,  is  to 
add,  shift,  add,  shift,  etc.  Such  an  ap¬ 
proach  is  readily  realized  with  digital 
logic  elements.  On  the  other  hand,  I  can 
achieve  the  same  result  by  storing  a  set 
of  products  in  a  memory  and  using  the  in¬ 
coming  data,  i.e.,  the  variable  multipli¬ 
cand,  as  an  address.  Clearly,  the  approach 
chosen  will  be  strongly  related  to  the 
capabilities  of  the  device  technologies  I 
have  available  to  me,  and  it  will  ultimate¬ 
ly  become  an  economic  decision. 

One  should  realize  that  digital  filters 
require  power.  There  are  applications  for 
which  feasibility  using  a  digital  signal 
processing  approach  has  been  demonstrated, 
but  which  were  implemented  using  more  con¬ 
ventional  means,  primarily  because  of 
power  considerations.  This  situation  is 
changing  rapidly,  however,  as  VLSI  ad¬ 
vances  are  applied  to  digital  signal  pro¬ 
cessing  applications. 

An  important  feature  of  digital  filters, 
which  is  not  available  with  the  other 
approaches  shown  in  Figure  1,  is  that  of 
multiplexing  capability.  Digital  filter¬ 
ing  consists  of  the  manipulation  of  sam¬ 
ples,  represented  by  a  sequence  of  ones 
and  zeros.  These  samples  are  distinct  and 
march  through  the  filter  in  sequence.  It 
is  possible  to  interleave  samples  from 
several  different  signals  and  process  them 
without  any  interference  between  signals. 

In  fact,  it  is  possible  to  pass  a  signal 
through  a  digital  filter  and  to  reintro¬ 
duce  it  to  the  same  digital  filter,  but 
with  a  different  set  of  filter  parameters 
than  was  used  during  the  first  pass.  Thus, 
a  second-order  filter  may  be  used  as  a 
2nth  order  filter.  The  delay  element 
which  is  used  for  memory,  the  shift  regis¬ 
ter,  does  not  mix  the  signals,  as  would 
occur  if  an  LC  or  RC  filter  were  used  in 
a  similar  way.  Of  course,  the  price  paid 
for  multiplexing  is  the  need  for  higher 
speed  logic,  which  implies  higher  power 


requirements,  and,  of  course,  delay  blocks 
with  more  bit  capacity. 

A  digital  signal  processor  is  basically  a 
custom  designed  digital  computer  working 
in  real  time.  When  one  examines  the  im¬ 
plications  of  this  fact,  it  becomes  clear 
that  present  speed  and  power  limitations 
restrict  all  but  the  simplest  processing 
to  relatively  low  frequencies,  say  equiva¬ 
lent  analog  signal  processing  frequencies 
less  than  0.5  MHz.  So,  as  with  RC  active 
filters,  digital  filters  are  restricted 
in  their  upper  frequency  range. 

Figure  2  shows  an  example  of  a  device  used 
for  digital  signal  processing.  It  is  a 
12xn-bit  serial  multiplier  capable  of 
speeds  up  to  20  Mbit/sec  and  dissipating 
only  0.7  watt.  This  device  and  similar 
devices  have  been  used  in  the  two  circuit 
boards  shown  in  Figure  3.  On  the  left  is 
a  code  converter  which  converts  p-law 
representation  of  a  signal  sample  to  a 
linear  representation  of  that  same  sample 
and  vice  versa.  Today  we  have  a  single 
chip,  two  of  which  will  perform  the  func¬ 
tion  performed  by  this  entire  board. 

The  circuit  board  on  the  right  contains, 
among  other  things,  a  digital  filter  which 
is  only  one  second- order  section.  However, 
this  single  section  is  multiplexed  to 
realize  a  fourth-order  bandpass  filter, 
a  fourth-order  band-elimination  filter 
and,  to  top  it  off,  further  multiplexing 
is  incorporated  to  handle  16  charnels. 

The  bit  rate  through  the  second-crder 
section  is  6  MHz  even  though  only  voice 
frequencies  are  being  processed.  This 
filwer  is  imbedded  in  a  time  division 
switching  system  where  all  of  the  signals 
exist  in  a  digital  format,  without  dig¬ 
ital  signal  processing,  it  would  have  been 
necessary  to  convert  to  the  analog  format, 
pass  the  signals  through  16  analog  signal 
processors  (including  filters)  and  convert 
back  to  the  digital  format. 

I  have  attempted  to  briefly  describe  some 
aspects  of  digital  filters,  including 
their  unique  features  and  their  limita¬ 
tions.  It  is  clear  that  they  will  be 
playing  an  increasingly  important  role 
in  future  systems  design. 
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FIGURE  3  -  Circuit  packs  from  a  digital  signal 
FIGURE  2  -  16  x  n  serial  multiplier  processor 
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MODERN  CRYSTAL  FILTERS 


R.  C.  Smythe 


Piezo  Techonolgy  Inc. 
Orlando,  Florida  32804 


SUMMARY 

Crystal  filters  are  currently  available  from 
roughly  10  kHz.  to  300  MHz.,  with  most  new 
applications  lying  above  4.5  MHz.  at  bandwidths 
of  0.3  %  or  less,  in  order  to  take  advantages  of 
integrated  crystal  filter  technology.  The  per¬ 
formance  and  applications  of  conventional  and 
integrated  crystal  filters  are  discussed  and 
illustrated  by  examples.  Some  future  trends  are 
indicated. 


reasons  of  cost  and  size,  it  would  appear  that 
the  majority  of  crystal  filters  now  being  manu¬ 
factured  are  integrated  crystal  filters**.  Where 
system  considerations  dictate  lower  frequencies 
or  substantially  greater  fractional  bandwidths, 
conventional  crystal  filters  are  still  used. 
Through  most  of  the  \iHF  range,  conventional 
crystal  filters  compete  only  feebly  with  mono¬ 
lithic  and  tandem  monolithic  filters.  From  4.5 
or  5  MHz.  to  30  or  35  MHz.  at  bandwidths  up  to 
0.3%,  integrated  and  conventional  filters  compete 
on  the  basis  of  cost,  size,  and  performance. 


INTRODUCTION 


APPLICATIONS  AND  EXAMPLES 


This  paper  attempts  to  summarize,  and 
illustrate  by  examples,  the  current  status  of 
crystal  filter  technology,  and  o  indicate  some 
areas  of  development.  The  emphasis  is  on  per¬ 
formance  and  applications,  rather  than  or.  details 
of  design  or  construction,  which  are  treated 
elsewhere1'  2»  3. 


Crystal  filters  using  single-mode  resonators 
(conventional  or  discrete-resonator  crystal 
filters)  have  been  in  use  since  the  30's^*.  Until 
the  late  50's,  applications  were  p-lraarily  within 
the  telephone  system.  Since  then,  other 
applications  have  gradually  become  important.  In 
particular,  crystal  filters  and  frequency 
demodulators  are  widely  used  in  mobile  radios. 
The  use  ot  crystal  filters  In  these  and  other 
fields  was  greatly  accelerated  by  the  development 
in  the  60's  of  integrated  crystal  filters  - 
monolithic  and  tandem  monolithic  filters,  using 
acoustically-coupled  thickness  shear  resonators 
(a  type  of  multi-mode  resonator),  and  hybrid 
monolithic  filters,  which  use  both 
acoustically-coupled  resonators  and  single 
resonators. 


RANGE  OF  FREQUENCY  AND  BANDWIDTH 


Principal  areas  of  application  for  crystal 
filters  are  listed  in  Table  I.  Of  greatest 
importance  by  far  is  the  area  of  communications, 
especially  telecommunications  and  mobile  com¬ 
munications. 

In  telecommunications,  conventional,  hybrid, 
and  monolithic  crystal  filters  are  extensively 
employed  as  single-channel  sideband  bandpass 
filters  in  frequency-diversity  multiplex  trans¬ 
mission  systems^.  Modern  examples  include  the 
9-pole  hybrid  monolithic  GTE  Lenkurt  channel 
filter3  and  the  8-pole  Western  Electric  mono¬ 
lithic  channel  filter*’,  both  in  the  8  MHz.  range, 
and  the  newly  designed  Western  Electric  discrete- 
resonator  channel  filters  operating  at  60  to  108 
kHz.  *'  7. 

In  mobile  communications,  tandem  monolithic 
crystal  filters  are  used  as  i-f  filters  in  both 
single  and  double  conversion  receivers.  Two-pole 
monolithic  filters  are  used  in  frequency  demodu¬ 
lation  circuits  in  narrow-band  fm  land  mobile 
receivers.  In  paging  receivers,  and  as  field- 
installed  options  in  land  and  aeronautical  mobile 
service,  VHF  monolithic  and  tandem  monolithic 
filters  are  used  as  front-end  preselectors. 


As  shown  in  Figure  1,  crystal  filters  claim 
a  domain  that  runs  from  10  kHz.  or  less  to  about 
300  MHz.  with  fractional  bandwidths  from  .01%  to 
as  much  as  10%.  Integrated  crystal  filters  claim 
only  the  portion  from  about  4.5  MHz.  upward  and 
below  roughly  .3%  bandwidth*.  Nevertheless,  for 


Examples  illustrating  performance  and 
applications  of  a  variety  of  modern  crystal 
filters  are  presented  in  Table  II  and  Figures  2 
through  9. 


*  In  common  with  most  such  frequency-bandwidth  **  Production  statistics  for  the  industry  are  not 

maps,  Fig.  1  is  a  rough  guide,  and  should  only  be  available, 

used  as  such. 
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The  first  two  examples  in  Table  II  represent 
single-sideband  filters  designed  using  insertion 
parameter  methods.  While  the  use  of  single- 
sideband  and  other  general  types  of  crystal 
filter  response  functions  are  of  increasing 
importance,  for  the  great  majority  of  applica¬ 
tions  Tchebycheff  designs,  which  combine 
favorable  element  values  with  low  component 
sensitivities,  remain  the  most  cost-effective 
solution.  The  remaining  examples  of  Table  II  are 
representative. 

AP.EAS  FOR  FUTURE  DEVELOPMENT 


From  the  introductory  remarks  it  may  be  seen 
that  while  crystal  filters  have  been  in  use  for 
over  4  decades,  the  crystal  filter  industry, 
outside  of  the  telephone  industry,  is  scarcely 
more  than  20  years  old.  Driven  by  expanding 
markets,  innovations  and  improvements  continue  to 
be  made.  In  particular,  current  development 
efforts  are  being  focused  on  manufacturing  cost 
reductions,  specialized  types  of  filter  response, 
frequency  range  extension,  and  new  piezoelectric 
materials. 

Manufacturing  cost  reductions  involve  1) 
process  improvement,  to  obtain  better  yield,  and 
2)  reduction  of  labor  content  through  product 
design,  process  innovation  and  automation.  These 
efforts,  made  possible  by  increased  manufacturing 
volume,  are  being  carried  out  almost  entirely  on 
a  proprietary  basis  by  a  number  of  companies  and 
are  beyond  the  scope  of  this  paper. 

Increases  in  single-sideband  transmission 
and  in  data  transmission  are  expected  to  lead  to 
further  developments  in  sideband  crystal  filters 
in  the  5  to  9  MHz.  frequency  range  and  in  filters 
with  controlled  group  delay  or  phase  response. 
With  regard  to  the  latter,  specifications  by  com¬ 
munications  systems  and  equipment  designers  are 
expected  to  become  more  realistic  as  the  rela¬ 
tionships  between  group  delay  or  phase  response 
and  bit  error  rates  become  better  understood. 


The  frequency  range  of  resonators  and 
crystal  filters  is  being  extended  upward  by  new 
and  improved  methods  of  wafer  fabrication.  In 
particular,  the  chemical  etching  techniques  of 
Vig®  are  promising.  Berte  and  Hartemann^  have 
had  great  success  in  fabricating  wafers  only  a 
few  micrometers  in  thickness  using  ion  milling. 
They  have  succesfully  fabricated  AT-cut  quartz 
resonators  with  fundamental  resonance  frequencies 
up  to  525  MHz. and  lithium  tantalate  two-pole 
monolithic  filters  up  to  230  MHz.  with  bandwidths 
approaching  2X 0. 


Spurred  in  part  by  acoustic  surface  wave 
filter  requirements,  new  piezoelectric  materials 
are  being  investigated  mere  intensively  than  at 
any  time  in  the  past.  Practical  application  to 
crystal  filters  appears  to  be  some  years  away, 
but  the  long  range  potential  of  aluminum  ortho¬ 
phosphate  (berlinite) 1 1-1®  appears  to  be 
excellent.  For  crystal  filter  applications, 


thickness-shear  modes  with  good  frequency- 
temperature  characteristics  and  piezoelectric 
coupling  (and  hence  fractional  bandwidths) 
greater  than  AT-cut  quartz  are  believed  to  exist, 
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CRYSTAL  FILTER  APPLICATION  AREAS 
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FREQUENCY 

Fig.  1.  Bandwidth  -  Frequency  Domain  For 

Conventional  and  Integrated  Crystal 


Fig.  2  4-Pole  Tandem  Monolithic  Filter  Attenuation 

Characteristic  fo  =  10.7  MHz.,  83=  +  7.5  kHz. 


F?  3  8-Pole  Tandem  Monolithic  Filter  Attenuation 
Characteristic  fo  =  21.4  MHz.,Bg=  +  7.5  kHz. 


Fig.  4  10-Pole  Tandem  Monolithic  Filter 
Attenuation  Characteristic 
fo  =  30.112  MHz.,  B6=  +  11  kHz. 


fHCQUCUCY  <KMZ  >  SCtRUVC  TO  MS  BJ5CCMMZ 

Fig.  5  4-Pole  Monolithic  Filter  Attenuation 


Characteristic 

fo  “  45  MHz.,  63=  +7.5  kHz; 
a)  Overall  Response 


rUCOUCNCT  TKHZ  I  ,E..T  t  VC  TO  MS  CBSCkHZ 

b)  Passband  Response 
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FREQUENCY  ffcHX.*  RELHTIVE  TD  2H3. BBEBKH2 . 


Fig.  6  4-Pole  Monolithic  Filter  Attenuation 
Characteristic 

fo°  75  MHz.,  B6=  +  13  kHz. 


FREQUENCY  <KMZ.>  tfgl.ftrfVC  TO  7*;  BCBEMHZ . 


Fig#  7  4-Pole  Tandem  Monolithic  Filter 
Attenuation  Characteristic 
fo  -  154.445  MHz.,  B3»  +  6.75  kHz. 


£o  =  243  MHz.  ,  Bg=  Hh  5  kHz. 


Fig.  9  Frequency  Discriminator  Characteristic 
Using  2-Pole  Monolithic  Filter  and  IC 
Phase  Detector;  fo  -  10.7  MHz. 
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Abstract 


CCDs  and  switched  capacitor  filters  offer  the 
system  designer  highly  integrated  functions  on  a 
single  1C.  CCD  and  switched  capacitor  filter 
techniques  are  briefly  reviewed  and  a  number  of 
applications  are  described. 


Introduction 


Charge  coupled  devices  (CCDs)  are  inherently 
analog  and  as  such  they  are  ideally  suited  to  a 
number  of  sample  data  filtering  functions.1 »2>3 
As  soon  as  the  principles  of  CCD  filters  were 
demonstrated,'*  it  became  evident  that  a  considera¬ 
ble  amount  of  support  circuitry  is  required  to 
operate  the  devices  and  to  facilitate  the  interface 
of  CCD  filters  to  the  rest  of  any  realistic  system. 
This  has  led  to  the  incorporation  of  clock  circuits, 
amplifiers,  multipliers,  A/D  ard  D/A  circuits,  and 
other  functions  on  the  same  chip  with  CCDs.  Recent¬ 
ly  switched  capacitor  filters5  have  also  been 
realized  in  monolithic  form,  and  these  devices  have 
proven  to  be  complimentary  to  CCDs  and  their 
capabilities  and,  at  the  same  time,  compatible  in 
the  fabrication  technology.  Both  switched  capaci¬ 
tor  and  CCD  filters  are  being  exploited  in  recent 
1C  designs  as  wi 1 1  be  reviewed  in  this  paper.  We 
find  that  in  some  filter  applications  CCDs  offer 
both  area  and  power  savings  in  comparison  to 
switched  capacitor  filters,  while  in  other  func¬ 
tions  the  opposite  is  true.  The  two  filtering 
applications  are  related  in  that  both  CCDs  and 
switched  capacitor  filters  accomplish  their  filter¬ 
ing  functions  by  manipulating  charge  packets 
representing  analog  signals.  Both  approaches 
utilize  the  basic  capability  of  MOS  technology  for 
precision  ratioed  capacitances  to  perform  these 
manipulations  and  also  to  store  the  analog  signals. 

CCD  Transversal  Filters 


Although  both  transversal  filters  and  recur¬ 
sive  filters  have  been  constructed  with  CCDs,  most 
work  to  date  has  involved  the  use  of  the  CCD  trans¬ 
versal  filter.  Two  general  types  of  transversal 
filters  have  been  utilized.  The  first  being  the 
so-called  split-electrode  filter1*  and  the  second  a 
parallel  input  CCD  filter.  A  diagram  of  an  N-stage 
transversal  filter  structure  is  shown  in  Figure  1. 
It  consists  of  some  means  for  delaying  and  storing 
the  last  N  values  of  an  input  signal,  multiplying 


these  values  by  the  weighting  coefficients  h^  and 
summing  these  products  to  obtain  the  output.  The 
expression  which  describes  these  operations  is 

N-l 

Vout(nTc)  =  X)  hm  V i n  C(n'm)Tc^  (,) 

m=0 

where  vou*.  (nTc)  and  v;n  (n-m)Tc  are  the  n^and 
(n-m) time  sample  of  the  output  and  input  signal 
respectively,  and  Tc  is  the  sampling  period.  By 
taking  the  Fourier  transform  of  this  expression 
the  transfer  function,  H(w)  =  Vout{w) /Vjn(w)  is 
found  to  be 

N-l 

H(m)  =  XI  hn  e’j“nTc  (2) 

h=0 

As  can  be  determined  from  Equation  2,  since  this 
is  a  sampled  data  filter,  the  frequency  response 
has  a  periodicity  equal  to  the  reciprocal  of  the 
sample  rate  which  requires  that  the  input  signal 
must  be  band  limited  to  prevent  aliasing.  The 
design  problem  of  determining  the  best  set  of 
coefficients  which  provides  the  closest  approxima¬ 
tion  to  the  desired  frequency  response  has  basical¬ 
ly  been  solved.  There  are  several  computer  pro¬ 
grams  that  are  generally  available  which  can  very 
efficiently  perform  this  task.6>7  The  commonly 
used  technique  for  constructing  CCD  transversal 
filters  has  been  the  split-electrode  approach 
which  is  shown  in  Figure  2.  The  basic  structure 
is  a  CCD  delay  line  which  has  one  of  the  electrodes 
in  each  stage  split  in  two  parts.  In  Figure  2a  the 
signal  charges  are  sensed  on  sense  electrodes 
which  are  unclocked.  As  charge  transfers  from  the 
4>2  electrode  to  the  $3  sense  electrode,  the  current 
which  flews  into  the  sensing  line  consists  of 
a  part  which  would  flow  if  no  signal  charge  were 
present  plus  a  part  approximately  equal  to  the 
signal  charge.  Therefore,  the  signal  charge  can 
be  determined  by  integrating  the  current  flowing 
to  the  electrode  during  the  charge  transfer. 
Weighting  is  performed  by  splitting  the  <J>3  elec¬ 
trode  and  integrating  separately  the  current  flow¬ 
ing  into  each  portion.  A  weighting  coefficient  of 
zero  corresponds  to  a  split  in  the  center  of  the 
electrode  while  positive  and  negative  hfj  are 
achieved  by  appropriately  proportioning  the  charge 
between  the  and  d3~.  The  summation  is  achieved 
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by  connecting  together  the  $3+  and  the  $  ”  elect- 
trodes  as  shown  in  Figure  2b  and  the  filter  output 
is  obtained  by  integrating  the  difference  in  the 
$3+  and  4>3“  sense  clock  lino  currents  in  the  output 
amplifier  as  shown.  The  split-electrode  technique 
was  first  developed  for  use  in  bucket-brigade 
devices  (BBDs)8  and  has  been  widely  used  for  both 
CCD  and  BBD  filters.  Design  techniques  are 
further  described  in  references  9  and  10. 

The  capabilities  of  CCDs  are  well  matched  to 
many  low  pass  and  band  pass  filtering  applications. 
In  these  cases  it  is  often  very  desirable  to  have  a 
combination  of  linear  phase,  very  sharp  transitions 
between  pass  band  and  stop  bands  and  high  precision 
in  the  frequency  response.  The  added  feature  of 
precise  tunability  by  means  of  a  clock  signal  makes 
functions  possible  with  CCD  filters  which  are  very 
difficult  with  conventional  filter  technologies. 
Below  we  describe  a  CCD  filter  which  could  be  used 
as  an  IF  filter  for  a  communications  receiver. 

An  IF  filter  for  receiver  applications  must 
meet  several  difficult  requirements,  among  these 
are  high  dynamic  range,  very  narrow  transition 
bands  for  good  adjacent  channel  rejections,  reason¬ 
ably  flat  in-band  response,  very  high  stop  band 
rejection  and  very  accurate  band  edge  frequencies. 

A  prototype  filter  for  use  in  single  side  band 
selection  as  part  of  a  receiver  has  been  fabri¬ 
cated.  This  completely  self-contained  filter  1C 
comprises  two  cascaded  CCD  filters,  each  having 
300  weighting  coefficients.  All  clock  circuits, 
amplifiers,  and  internal  biasing  are  built-in. 

Each  filter  is  designed  for  approximately  38  dB 
stop  band  rejection  and  the.  two  devices  are 
cascaded  to  achieve  approximately  76  dB  stop  band 
rejection  with  a  pass  band  of  2.2  KHz  at  a  band 
center  of  25  KHz  when  the  CCDs  are  clocked  at 
100  KHz.  Tne  transition  bandwidth  from  pass  band 
to  stop  band  is  600  Hz.  A  photograph  of  the 
frequency  response  to  the  device  is  shown  in 
Figure  3-  The  dynamic  range  (defined  as  the  ratio 
of  the  1%  intermodulation  level  for  a  two-tone 
test  to  the  noise  level  of  the  device)  is  typi¬ 
cally  70  dB. 

The  split  electrode  CCD  filter  technique 
described  above  has  limitations  in  frequency  at 
around  1-5  MHz  sampling  rates.  This  is  primarily 
due  to  the  limitations  of  the  operation  amplifier 
used  in  the  output  circuit  for  the  device.  CCD 
transversal  filters  can  be  restructured  so  that 
the  weighting  is  applied  af  the  input  rather  than 
the  output  as  illustrated  in  Figure  k.  This  filter 
has  the  same  transfer  function  (Equations  1  and  2) 
as  the  more  conventional  output  weighted  device. 

The  simplified  CCD  structure  is  shown  schematically 
in  Figure  kb.  In  this  type  of  transversal  CCD 
filter,  the  weighting  is  achieved  by  varying  the 
size  of  the  charge  metering  wells  at  separate  in¬ 
puts  distributed  along  CCD  delay  lines.  Each 
stage  of  the  CCD  adds  the  charge  from  its 
corresponding  input  to  the  accumulated  charge 
packets  from  preceding  stages.  As  illustrated, 
the  CCD  channel  width  grows  towards  the  output  end 
in  order  to  accomodate  the  Increasing  charge.  Al¬ 
though  the  diagram  illustrates  only  positive 


weighting  coefficients  the  negative  weights  can  be 
obtained  by  adding  a  parallel  channel  and  differ¬ 
encing  the  output  signals. 

The  primary  advantage  of  this  input  weighted 
device  is  a  simplified  output  circuit  and  the 
capability  of  high  speed  operation.  The  output 
weighted  device  of  Figure  2  required  an  operational 
amplifier  using  an  integrator  which  is  typically 
operating  at  a  high  gain  mode  due  to  large  para¬ 
sitic  capacitances  on  the  split  electrode  sense 
lines.  In  the  input  weighted  device,  however,  the 
output  mode  capacitance  is  quite  small  and  can  be 
used  directly  to  perform  the  charge  to  voltage 
conversion.  A  simple  source  follower  is  then  used 
for  the  output  buffer  and  it  has  inherently  higher 
bandwidth  and  lower  noise  than  practical  or.-chip 
operational  amplifiers.  Sampling  rates  of  1G-30 
MHz  are  possible  with  this  structure.  The  primary 
disadvantage  of  the  input  weighted  CCD  is  that  the 
CCD  area  is  larger  for  a  given  transfer  function 
than  the  corresponding  output  weighted  device. 

Switched  Capacitor  Recursive  Filters 

Transversal  filters  which  have  only  zeros  of 
transmission  in  their  transfer  function  are  rela¬ 
tively  inefficient  in  their  use  of  silicon  area 
for  certain  types  of  frequency  responses  such  as 
narrow  band  and  band  pass  filters.  For  these  cases 
a  recursive  filtei  (i.e.,  one  which  has  feedback) 
that  implements  poles  would  be  more  appropriate. 
However,  CCD  recursive  filters  have  several 
disadvantages.  First,  in  order  to  implement  a 
stable,  accurate  recursive  filter  using  CCDs,  it 
is  necessary  to  perform  charge  to  voltage  and 
voltage  to  charge  conversions  with  high  precision 
and  accuracy.  Second,  the  recursive  filter  most 
compatible  with  CCD  implementation  is  the  so-called 
direct  form  filter  but  the  direct  form  architecture 
is  known  to  have  very  high  sensitivity  to  coeffi¬ 
cient  accuracy.  Thus,  it  is  difficult  to  achieve 
sufficient  accuracy  in  CCD  recursive  filters, 
especially  for  filters  with  high  Q  poles.  Another 
approach  to  realization  of  recursive  filters  is 
the  use  of  switched  capacitor  filters  which  are 
described  in  more  detail  in  references  5,  11  and 
12. 

Switched  capacitor  filters  rely  on  the  use  of 
switches,  precision  ratioed  capacitors,  and 
operational  amplifiers  used  as  integrators.  The 
basic  building  blocks  such  filters  as  the  sample 
data  integrator  shown  in  Figure  5  and  described 
in  more  detail  below.  The  advantage  of  using 
switched  capacitor  recursive  filters  is  that  they 
are  compatible  with  architecture  such  as  ladder 
filters,  which  have  a  very  low  coefficient  sensi¬ 
tivity.  The  integrator  forms  the  basis  of  a 
second  order  filter  section  os  shown  in  Figure  6. 
The  two  integrators  can  be  seen  in  this  figure. 

One  is  formed  with  the  capacitors  c^Cl  and  C|_  and 
the  other  by  agCp  and  Cp.  A  sign  inversion  is 
accomplished  by  adding  a  second  switch  to  the 
bottom  plate  of  capacitors  so  that  the  polarity 
can  be  reversed  when  discharging  this  capacitor 
Into  its  corresponding  integrator.  The  Z-trans- 
form  of  this  circuit  can  be  written  as 
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V  „(z)  -a. a  (z-1) 

out  _ _ I  c  _ 

Vin^  z2  -  (2-ctca^.-aca^)Z+(l-aca^.) 


(3) 


We  can  see  from  the  Z-transform  that  the  frequency 
response  is  independent  of  the  absolute  values  of 
either  Cl  or  Cc  but  depends  only  on  the  ratios 
ctc.aLand  ay.  MOS  fabrication  techniques  allow  the 
control  of  such  capacitor  ratios  to  a  precision  on 
the  order  of  0.1%  which  is  adequate  for  many 
f i  ltering  problems. 

CCD  Chirp  Z-Transform 


As  discussed  above  the  CCD  is  ideally  suited 
for  any  operations  which  can  be  cast  in  the  form 
of  a  transversal  filtering  operation.  In  seeking 
CCD  applications,  algorithms  which  utilize  trans¬ 
versal  filters  are  important.  The  chirp  Z-trans¬ 
form  (CZT)  is  an  algorithm  for  performing  the 
discrete  Fourier  transform  (DFT)  in  which  the  bulk 
of  the  computation  is  performed  in  a  chirp  trans¬ 
versal  filter,  and  for  this  reason  it  is  particu¬ 
larly  attractive  for  CCD  implementation.13-16 
When  implemented  digitally,  the  CZT  has  no  advan¬ 
tages  over  the  conventional  fast  Fourier  transform 
algorithm.  However,  the  algorithm  lends  itself 
naturally  to  implementation  with  charge  coupled 
device  transversal  filters.  The  CZT  gets  its  name 
from  the  fact  that  it  is  implemented  in  an  analog 
manner  by  (1)  premultiplying  the  time  signal  with 
a  chirp  (linear  FM  waveform),  (2)  filtering  in  a 
chirp  convolution  filter  and  (3)  post  multiplying 
with  a  chirp  waveform.  A  block  diagram  is  shown 
schematically  in  Figure  7.  After  some  early  work 
using  500  stage  CCD  transversal  filters  for  500 
point  CZTs,10>15  more  recent  developments  have 
integrated  the  transform  in  a  512  point  CZT17  and 
a  32  point  CZT18  in  monolithic  form.  These  mono¬ 
lithic  chips  include  the  premul tipiying  D/A  con¬ 
verters,  the  ROMs  for  storing  the  chirp  waveforms, 
the  CCD  convolution  filters,  input  amplifiers,  out¬ 
put  amplifiers,  and  the  clock  circuits  and  logic 
to  operate  the  1C. 

Speech  Processing 

Speech  signals  are  well  matched  to  the  capa¬ 
bilities  of  both  CCDs  and  switched  capacitor 
filters.  The  applications  of  speech  processing 
signals  are  presently  expanding  very  rapidly  and 
they  range  from  vocoders  to  speaker  verification 
systems  to  word  recognition  and  to  a  variety  of 
speech  synthesis  applications.  The  capability  of 
CCD  and  switched  capacitor  filters  with  large  scale 
integration  promises  to  have  significant  impact  on 
lowering  the  cost  and  complexity  of  such  speech 
systems. 

One  application  is  the  vocoder  described  be¬ 
low.  The  function  of  this  vocoder  system  is  to 
reduce  the  data  rate  of  speech  transmission  to 
2 . Kbit/sec  while  maintaining  high  quality  and 
intelligibility  in  the  reconstructed  speech  signal 
at  the  receiver.  The  block  diagram  of  the  channel 
vocoder  is  depicted  in  Figure  8.  The  integrated 


system  is  based  on  the  system  and  algorithm  deve¬ 
loped  in  the  UK. 18  Two  portions  of  the  system 
which  are  enclosed  in  the  dashed  lines  in  Figure  8 
are  being  implemented  with  two  custom  designed 
CCD/NM0S  integrated  circuits,  while  the  remaining 
functions  ore  implemented  with  a  few  simple  analog 
components  and  microcomputer  circuits.  One  of 
these  two  special  circuits  is  used  for  speech 
analysis  and  the  other  for  synthesis. 

Programmable  CCD  Filters 

Perhaps  one  of  the  most  intriguing  of  CCD 
filters  is  that  of  an  electrically  programmable 
device.  Both  digitally  programmable  transversal 
filters  and  analog/analog  correlator  devices  have 
been  reported.  These  types  of  devices  offer  the 
eventual  possibility  of  universal  devices  which 
the  user  programs  for  his  own  purposes.  Also  such 
devices  can  be  used  in  adaptive  filtering  applica¬ 
tions  where  the  filter  characteristics  continually 
change  under  the  control  of  some  digital  computer 
algorithm.  Such  devices  could  be  used  for  matched 
filters  for  pn  sequence  codes  which  periodically 
change.  Programmable  transversal  filters  can  be 
built  up  from  the  basic  elements  shown  in 
Figure  9.  This  diagram  is  simply  that  of  a  trans¬ 
versal  filter  in  which  each  of  the  weighting 
coefficients  has  the  value  of  either  1  or  0.  In 
addition,  each  of  the  weighting  coefficients  can 
be  programmed  by  means  of  information  in  a  digital 
chip  register  constructed  physically  in  parallel 
with  the  CCD  which  has  one  delay  stage  correspond¬ 
ing  to  each  delay  stage  of  the  CCD.  The  filter 
shown  in  Figure  8  then  is  capable  of  convolving  at 
sequence  of  analog  samples  with  a  programmable 
sequence  of  1 1 s  and  0's.  A  laboratory  demonstra¬ 
tion  of  the  CCD  device  operating  in  this  manner 
has  been  fabricated  having  32  <t-bit  weighting 
coefficients  in  each  CCD.  Two  such  CCDs  were 
operated  in  parallel  to  construct  a  programmable 
transversal  filter  having  32  stages  with  each 
stage  having  an  8-bit  programmable  weighting 
coefficients.  A  band  pass  filter  response  obtained 
from  the  device  is  shown  in  Figure  9.  This  device 
was  also  reprogrammed  to  form  other  band  pass 
functions  and  low  pass  functions  by  simply  chang¬ 
ing  the  electrical  signals  inputted  to  the  digital 
shift  register.  This  device  has  been  successfully 
coupled  to  a  microprocessor  to  implement  an 
adaptive  filter. 


Conclusions 


HOS  sample  data  filters  of  CCDs  and  switched 
capacitors  are  not  expected  to  replace  digital 
filters  or  any  other  filter  technologies  in  all 
.ignal  processing  applications.  Analog  sampled 
data  filters  have  performance  limitations  with 
respect  to  other  filters  in  the  area  of  speed, 
time  delay,  time-bandwidth  product,  dynamic  range, 
accuracy  and  linearity.  Furthermore,  sampled  data 
analog  filters  have  limited  flexibility  compared 
with  other  digital  techniques  and  most  analog 
designs  are  customized  to  a  particular  applica¬ 
tion.  However,  CCDs  and  switched  capacitors  are 
expected  to  make  significant  impact  on  those  signal 
processing  functions  which  fulfill  the  twin 
requirements  of  relatively  modest  performance  and 
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sufficiently  high  volume  that  low  cost  is  a  princi¬ 
ple  design  goal . 

In  the  general  way  it  can  be  said  that  CCD 
split  electrode  filters  are  usually  limited  to 
applications  where  the  sampling  rate  is  below 
1-5  MHz,  and  where  the  number  of  weighting 
coefficients  is  below  1000.  Switched  capacitor 
filters  are  also  limited  to  relatively  low 
frequency  sampling  rates  on  the  rates  on  the  order 
of  1  MHz  or  less  and  filtering  in  the  audio 
(<  100  KHz)  frequency  range.  We  may  see  some 
improvements  in  the  speed  area  as  photolithography 
allows  the  fabrication  of  smaller  geometries  in 
the  M0S  circuits  but  these  figures  are  not  expected 
to  change  too  dramatically.  The  CCD  transversal 
filter  having  parallel  input  structure  is  capable 
of  operating  at  sampling  rates  much  higher,  in  the 
tens  of  MHz  and  is  probably  the  architecture  v/hich 
would  be  used  in  higher  frequency  applications  of 
the  technology. 

Besides  the  areas  mentioned  previously  in  this 
paper,  other  application  areas  include  Doppler  pro¬ 
cessing  in  moving  target  radar,  telecommunications, 
IR  imaging  processing,  matched  filtering  and  spread 
spectrum  communications,  adaptive  filtering,  and 
video  bandwidth  reduction. 
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figure  1.  Block  diagram  of  a  transversal  filter 
showing  delay  stages  D  and  weighting  coefficients 
hn ,  n  »  o,  N-l . 
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Figure  2.  Schematic  diagram  of  a  CCD  split  elec¬ 
trode  filter.  In  a)  the  structure  is  indicated, 
and  in  b)  the  charge  sensing  is  illustrated. 


25  kHz 

Figure  3.  Filter  response  of  a  CCD  filter  1C  con¬ 
taining  two  cascaded  300  stage  CCD  f! Iters  and  all 
associated  clocks  and  cmplifiers. 
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Figure  A.  a)  Block  diagram  of  the  -transversal 
input  filter  structure  and  b)  schematic  of  a  h- 
stage  CCD  transversal  input  CCD  filter.  For 
simplicity,  much  of  the  circuitry  is  omitted. 
Charge  transfers  from  each  input  to  the  right  and 
is  added  together  before  reaching  the  output  diode. 
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Figure  5-  a)  Conventional  RF  integrator,  b)  Sampled 
da*.a  integrator,  c)Z-trancform  of  integrator  in  (b\ 
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Figure  9.  Block  diagram  of  a  one  bit  digital 
analog  programmable  filter. 


Figure  6.  Two  pole  bandpass  filter  using  switched 
capacitor  integrators. 
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Figure  7.  a)  Simplified  block  diagram  of  the  CZT 
algorithm,  b)  Block  diagram  of  the  complex  arith¬ 
metic  of  the  CZT.  The  CCD  transversal  filters  are 
designated  by  SIN  and  COS.  The  real  and  imaginary 
parts  of  the  input  (fn)  and  output  (F^)  are  indi¬ 
cated  with  the  superscripts  I  and  R. 


Figure  8.  Block  diagram  of  a  channel  vocoder 
based  on  two  custom  1C  functions  enclosed  in 
dashed  lines. 
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SURFACE  ACOUSTIC  WAVE  (SAW)  BANDPASS  FILTER  REVIEW 


R.C.  Rosenfeld 


Summary 


Sawtek  Incorporated 
Orlando 


This  paper  briefly  reviews  the  capabilities, 
applications,  and  advantages  of  SAW  bandpass  fil¬ 
ters.  Surface  acoustic  wave  devices  have  been  in 
systems  for  nearly  10  years  and  now  offer  a  broad 
range  s> f  signal  processing  functions  from  delay 
lines  to  acousto-electric  convolvers.  However, 
this  paper  is  limited  to  transversal  bandpass 
filters  and  resonator  filters.  A  typical  SAW 
bandpass  filter  response  is  illustrated. 


Advantages 

Many  of  the  SAW  filter  advantages  are  due  to 
its  physical  structure.  SAW  filters  are  rugged 
and  reliable.  Because  their  operating  frequen¬ 
cies  are  set  by  photolithographic  processes,  they 
do  not  require  tuning  nor  become  detuned  in  the 
field.  Semiconductor  type  wafer  processing  which 
is  used  in  SAW  filter  fabrication  allows  large 
volume  production  of  economical  and  reproducible 
devices.  Also,  their  performance  capabilities 
are  achieved  with  relatively  small  size  and 
weight. 

Transversal  Bandpass  Filter  Capabilities 

Table  I  lists  transversal  bandpass  filter 
capabilities.  SAW  bandpass  filters  typically 
operate  from  10  MHz-  to  1500  MHz.  The  low  end  is 
limited  by  the  large  size  of  the  filters  and  the 
high  end  by  the  subraicron  resolution  required  for 
the  electrode  geometry.  Presently,  the  majority 
of  SAW  filters  are  in  the  20  to  400  MHz  range. 
Above  1  GHz,  electron-beam  pattern  generators  are 
required  for  photomask  construction;  however, 
there  are  devices  in  production  around  1.5  GHz. 

Fractional  bandwidths  from  0.2Z  to  672  are 
available.  The  lower  end  is  limited  by  the  num¬ 
ber  of  acoustic  wavelengths  that  can  be  realized 
in  a  practical  transducer  length  and  the  upper 
end  by  bulk  wave  interference  and  insertion 
loss.  "Dispersive  transducers"  are  used  in  the 
broad  band  filters. 

Insertion  loss  varies  from  2  dB  to  6  dB  in 
"low-loss"  types  of  SAW  filters  and  from  6  dB  to 
30  dB  in  conventional  SAW  filters.  Conventional 
SAW  filters  are  commonly  mismatched  to  reduce  the 
"triple-transit"  spurious  signal  peculiar  to  SAW 
technology. 


Florida  32804 

Sidelobe  and  spurious  rejection  of  40  to  70 
dB  can  be  achieved  although  40  to  60  dB  is  common 
in  lower  shape-factor  filters  or  very  broad  band 
filters.  Bulk  modes,  diffraction,  electro¬ 
magnetic  feedthrough,  and  other  second-order 
affects  limit  rejection. 

A  most  important  capability  of  SAW  filters 
is  their  excellent  selectivity.  Filters  with 
shape  factors  as  lew  as  1.15  have  been  in  produc¬ 
tion  for  several  years,  although  the  majority  of 
filters  have  1.3  to  4.0  shape  factors.  Minimum 
achievable  shape  factor  is  limited  by  diffraction 
and  other  second-order  affects. 

Passband  amplitude  and  phase  ripple  are 
typically  0.1  to  2  dB  and  1  to  15  degrees, 
respectively.  Triple  transit,  and  in  some  cases, 
electromagnetic  feedthrough  are  the  primary  cause 
of  a  fast  ripple,  while  the  matching  network 
introduces  a  slow  amplitude  variation. 

Triple  transit  and  electromagnetic  feed¬ 
through  are  also  the  primary  cause  of  group  delay 
deviation  across  the  passband.  Deviation  as  low 
as  1  nsec  has  been  achieved  although  10  to  50 
nsec  is  common  in  filters  designed  for  precise 
group  delay.  Group  delay  deviation  may  be  much 
higher  in  filters  where  it  is  not  an  important 
consideration. 

Temperature  dependence  of  the  two  most 
commonly  used  substrates  are  shown.  Lithium 
nlobate  is  used  for  wide  band  filters  in  which 
the  94  ppm/°C  temperature  coefficient  is 
acceptable.  Narrowband  filters  usually  employ 
ST-Quartz  which  has  a  parabolic  temperature 
dependence  with  a  turnover  point  at  room  tempera¬ 
ture.  For  example,  at  +  50°C,  the  center  fre¬ 
quency  of  a  ST-Quartz  filter  would  be  changed  80 
ppm. 

Crystal  length  for  a  filter  constructed  from 
two  equal  length  transducers  is  given  in  inches 
by  approximatly  1/(2XTW)  where  the  transition 
width  (TW)  is  in  MHz.  Or,  vice  versa,  this 
relation  gives  a  minimum  practical  transition 
width  of  approximately  150  kHz  for  a  3.0  inch 
long  crystal.  As  with  all  filter  technologies, 
it  is  not  possible  to  optimize  all  parameters 
simultaneously  in  one  filter  due  to  the  inter¬ 
dependency  of  parameters 
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Transversal  Filter  Characteristics 

To  illustrate  filter  characteristics,  the 
spectrum  of  a  bandpass  filter  manufactured  at 
Sawtek  is  shown  in  Figure  1.  The  filter  is  on 
ST-Quartz  and  is  matched  to  17  dB  insertion  loss 
by  a  series  inductor  at  each  port.  The  3  dB 
fractional  bandwidth  is  4.5 %  and  the  rejection  is 
60  dB.  The  60  dB  to  3  dB  shape  factor  is  1.9. 
Minimum  rejection  on  the  high  side  is  limited  to 
60  dB  by  bulk  modes. 

The  3  dB  bandwidth  spectrum  (Fig.  2)  shows 
an  amplitude  ripple  of  0.2  dB  peak-to-peak,  phase 
ripple  of  approximately  1.5  degrees  with  a  4.5 
degree  slow  variation,  and  group  delay  ripple  of 
160  nsec.  As  mentioned  before,  this  ripple  is 
caused  by  triple-transit. 

Filter  Applications 

The  majority  of  SAW  bandpass  filter  applica¬ 
tions  have  been  IF  filters  in  government 
systems.  A  list  of  government  systems  that  have 
employed  SAW  filters  is  given  in  Ref.  1. 

Included  in  that  list  is  the  Mariner  satellite, 
now  called  Voyager  I  &  II,  that  was  launched  in 
1977  with  a  SAW  bandpass  filter  on  board.  This 
filter  has  recently  passed  Jupiter  and  is  now  on 
its  way  to  Saturn. 

Commercial  applications  that  employ  SAW  fil¬ 
ters  in  production  or  prototype  systems  include 
the  well-known  TV  IF  filter,  CATV  filters,  IF 
filters  for  satellite  and  earth  microwave  commu¬ 
nications,  avionics  communication  and  distance 
measuring  equipment,  electrical  instrumentation, 
and  low-cost  transceivers  for  energy  management 
systems. 

Resonator  Bandpass  Filters 

SAW  transversal  filters  can  achieve  frac¬ 
tional  bandwidths  as  low  as  0.2%.  A  relatively 
new  SAW  device,  the  SAW  resonator  filter  can  pro¬ 
vide  bandwidths  from  0,2%  down  to  0.002%.  The 
SAW  resonator's  electrical  characteristics  are 
similar  to  the  crystal  resonator,  but  the  fabric¬ 
ation  is  similar  to  SAW  transversal  filter 
fabrication.  Thus,  it  has  the  usual  SAW 
advantages  such  as  planar  wafer  processing, 
rugged  and  reliable  construction  and  packaging, 
and  small  size.  However,  frequency  trimming  is 
necessary  just  as  in  crystal  resonators. 

Resonator  Filter  Characteristics 


temperature  curve  in  Table  II.  However,  the 
temperature  stability  is  adequate  for  many 
narrowband  filter  applications.  Aging  has  been 
demonstrated  under  1  ppm/ year,  but  is  typically 
in  the  1  to  10  ppm  range,  at  this  time. 

State-of-the-art  SAW  resonator  filter 
characteristics  have  been  demonstrated  in  a  paper 
by  L.A.  Coldren  and  R.L.  Rosenburg.  A  4-pole 
filter  response  derived  by  cascading  two 
2-section  resonators  at  a  center  frequency  of 
75.14  MHz  achieved  spurious  rejection  of  almost 
80  dB.  Applications  for  filters  with  these 
characteristics  include  higher  frequency  IF 
filter  and  low-loss  front-end  filters.  In 
narrowband  receivers,  possibly  all  of  the 
filtering  could  be  achieved  at  the  front  end. 

Future  Developments 

In  conclusion,  important  future  developments 
in  SAW  bandpass  filter  technology  are  widespread 
application  of  SAW  resonator  filters,  volume 
production  of  low-loss  transversal  filters, 
increased  use  of  multiple  bandwidth  and  multiple 
frequency  filter  banks,  1  to  2  GHz  filters 
including  shallow-bulk  acoustic  wave  filters,  and 
resonator  and  delay  line  UHF  oscillators. 

(Several  of  these  topics  are  covered  in  the  SAW 
session  of  this  symposium).  Finally,  an 
important  breakthrough  for  SAW  technology, 
especially  for  resonators,  would  be  the  discovery 
of  a  new  temperature  stable  orientation  of 
quartz. 
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Table  II  lists  resonator  filter 
characteristics.  The  SAW  resonator  operates 
through  the  VHF  and  lower  UHF  frequency  ranges 
and  achieves  losses  as  low  as  a  few  dB  and 
rejection  as  high  as  80  dB.  Impedances  are 
similar  to  those  achieved  in  third  overtone 
crystals:  a  minimum  C0/Cj  ratio  of  approximately 
1,500  and  motional  inductance  from  1000  to  100 
uh.  Its  temperature  stability,  unfortunately,  is 
not  as  good  as  the  crystal  resonator  AT-cut 
quartz,  as  shown  by  two  points  on  its  parabolic 
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Summary 

Mechanical  Filters  have  been  an  industry 
standard  for  single  sideband  selectivity  for  28 
years.  Recent  advances  in  production  technology 
and  in  construction  techniques  have  contributed  to 
make  the  Mechanical  Filter  a  cost  and  site  effec¬ 
tive  and  reliable  technology  for  HF  communications, 
control  systems  and  telephone  analog  multiplex  sys¬ 
tems.  New  developments  are  resulting  in  tight  de¬ 
lay  control  for  applications  in  HF  networks  carry¬ 
ing  high  density  data  traffic. 


The  Collins  Disc-Wire  Mechanical  Filter  was 
developed  in  1950  and  became  a  production  device  in 
1952.  The  disc-wire  filter  was  applied  to  the  12- 
channel,  60-108KHz  Frequency  Division  Multiplex 
System  in  1957  and  in  the  same  year,  other  Mechani¬ 
cal  Filters  by  Telefunken  and  Kokusai.  In  1972, 
the  single  filter  premodulated  FDM  system  was 
placed  in  production  by  Rockwell -Coll ins  with  disc- 
wire  filters  (Fig.  1)  and  Siemens  with  bar-flexure 
mechanical  filters.  In  1978,  Fujitsu  and  NEC  ap¬ 
plied  torsional  mode  premodulation  mechanical  fil¬ 
ters  at  128KHz  to  the  FDM  Service.  These  dates  are 
summarized  in  Table  I. 

Acoustic  bandpass  Filter  technologies  span  the 
center  frequency  range  from  500Hz  to  600MHz  in  com¬ 
mercially  available  technologies  outlined  in  Fig.  2. 
These  include  Mechanical  Tuning  Fork,  Bar  Flexure, 
Torsional  and  Disc  Wire  through  Quartz  Crystal  Fil¬ 
ters  in  various  forms  to  the  relatively  new  produc¬ 
tion  Surface  Acoustic  Wave  technologies. 

The  Disc  Wire  Filter  achieves  a  highly  stable 
and  repeatable  ladder  'liter  by  coupling  discs 
fabricated  from  specially  formulated  nickel -iron 
alloys  by  means  of  similar  composition  wires  welded 
to  the  disc.  This  achieves  the  acoustic  analog  of 
the  electrical  network  as  shown  in  Fig.  3.  The  low 
frequency  technology  is  achieved  by  coupling  thick¬ 
ness  flexure  bars  with  coupling  wires  in  torsion  at 
the  flexural  nodal  points.  The  range  of  applica¬ 
tion  as  bandwidth  percent  over  center  frequency 
range  is  also  shown. 

A  principal  current  application  of  the  disc 
wire  technology  is  to  the  Frequency  Division 


Multiplex  System  premodulation  modem  shown  in  Fig. 
4.^  Here  a  single  filter  is  employed  with  a 
256KHz  carrier  frequency  in  a  premodulation  method 
used  so  that  a  single  filter  rather  than  12  sepa¬ 
rate  channel  filters  may  be  manufactured. 

For  in-band  signaling,  a  lower  sideband 

6- pole,  two  zero  realization  is  used  as  shown  in 
Fig.  5.  The  finite  zeros  are  produced  by  the 
bridging  wires.  The  response  is  shown  in  Fig.  6 
as  the  solid  curve.  The  low  pass  filter  at  audio 
frequency  supplies  the  sharp  lower  (after  reflec¬ 
tion)  cut-off  of  the  filter.  This  allows  tight, 
extremely  reproducible  and  cost  effective  channel 
modems  to  be  manufactured.  An  added  benefit  is 
that  delay  equalization  may  be  added  at  the  audio 
frequency  resulting  in  extremely  tight  delay  con¬ 
trol.  For  the  out-of-band  signaling  case,  a 

7- pole,  two  zero  bridge  filter  is  used  as  shown  in 
Fig.  7.  The  main  effect  is  a.  sharper  cut-off.  In 
both  cases,  in-band  ripple  is  +0.2dB.  To  date, 
more  than  250,000  of  these  filters  have  been  pro¬ 
duced. 

Performance 

The  stability  of  the  mechanical  filter  with 
temperature  is  controlled  by  the  temperature  co¬ 
efficient  of  the  heat  treated  nickel-iron  alloy 
material  shown  in  Fig.  8.  The  nominal  shift  is 
shown  as  the  solid  lines  with  data  points  super¬ 
imposed.  The  range  of  the  shift  is  70Hz  positive 
over  -55°C  to  +100°C.  Over  the  range  -30°C  to 
+50°C,  30  to  40Hz  is  a  more  typical  shift.  The 
curve  may  be  modified  by  cold  working  and  heat 
treating  to  be  optimum  for  a  specific  temperature 
range. 

The  manufacturing  process  variations  are 
superimposed  on  thii  basic  material  behavior.  In 
the  accompanying  Table  II,  this  is  shown  for  meas¬ 
urements  made  over  several  thousand  of  commercial 
455KHz  single  sideband  filters.  The  filters  em¬ 
ployed  ferrite  transducers.  Shown  are  the  average 
values  at  room  temperature,  the  shift  maximum  and 
minimum  over  the  temperature  range  and  the  maximum 
shift  of  any  filter  of  the  sample  from  that  at 
25°C.  The  lower  3dB  point  stability  shows  the 
basic  material  characteristics  and  the  remaining 
values,  especially  the  small  change  in  response 
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variation  demonstrates  the  stability  of  the  high 
production  manufacturing  processes  which  are  large¬ 
ly  computer  controlled. 

Low  Frequency  Filters 

In  addition  to  the  3825Hz  telephone  signaling 
application,  large  numbers  of  these  low  frequency 
bar-flexure  filters  are  used  by  many  equipment 
manufacturers  for  Omega  Navigation  receivers.  The 
excellent  temperature  stability,  low  aging  and 
dynamic  range,  allow  very  selective,  yet  low  loss 
front-end  filters  to  be  fabricated.  Fig.  9  and 
Fig.  10  show  the  temperature  stability  both  of  the 
stop  and  passbands  of  these  filters. 

Delay  Correction 

Many  analog  voice  channel  communications  sys¬ 
tems  today  are  being  used  to  carry  data  traffic. 
Here  the  desired  sharp  cut-off  achievable  with  high 
Q  resonators  using  mechanical  resonant  elements 
cause  delay  distortion.  Chebyshev  and  other  finite 
pole  realizations  have  in  any  case  significant  de¬ 
lay  distortion.  This  can  be  greatly  reduced  eco¬ 
nomically  if  a  mechanical  single  sideband  filter 
such  as  the  channel  filter  discussed  above  is  used 
together  with  a  easily  reproducible  low  pass  fil¬ 
ter  at  audio.  The  stability  and  repeatability  of 
this  combination  allows  an  audio  delay  equalizer 
made  from  active  RC  technology  to  be  cascaded  with 
it.  The  tight,  low  ripple,  rapid  cut-off  of  the 
combination  is  shown  in  Pig.  11  as  the  equivalent 
response  at  the  intermediate  frequency.  The  6- 
section  active  RC  equalizer  in  cascade  reduces 
differential  delay  variation  from  1000ms  to  +100ms 
over  the  equivalent  audio  band  200  to  3200Hz7 


References 

1.  Johnson,  R.A.,  and  Winget,  W.A.,  "FDM  Equipment 
Using  Mechanical  Filters,"  Proc.  1974  IEEE 
ISCAS,  San  Francisco,  CA,  April  1974,  pp.  127- 

irrr 


224 


DISC  WIRE  MECHANICAL  FILTER  FOR  ROCKWELL-COLLINS 
MX-108  FREQUENCY  DIVISION  MULTIPLEX 


FIG.  2 

ACOUSTIC  FILTERS  SPAN  THE  FREQUENCY  BANDWIDTH  SPACE 


1952  •  ROCKWELL-COLLINS  KF  RADIO  MECHANICAL 
FILTERS 

1957  ♦  ROCKWELL-COLLINS  TELEPHONE  CHANNEL  FILTERS 

1957  «  KOKUSAI  AND  TELEFUNKEN  FILTERS 

1972  •  ROCKWELL-COLLINS  MX-108  PREMODULATION 
CHANNEL  FILTERS 

1972  •  SIEMENS  48  KHZ  PREMODULATION  CHANNEL  FILTERS 
1978  •  NEC  AND  FUJITSU  128  KHZ  CHANNEL  FILTERS 

"ABLE  I  MECHANICAL  FILTER  PRODUCTION  MILESTONES 


FIG.  3  MECHANICAL  FILTER  ACOUSTICAL  ANALOGY 


FIG.  3A  LOW  FREQUENCY  PHYSICAL  STRUCTURE 


FIG.  4  FDM  PREMODULATION  SCHEME 
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FIG.  6 

RESPONSE  OF  FDM  MODEM  IN  ADVANCED  SIGNALING  CASE 
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FIG.  8 

DISC  RESONATOR  FREQUENCY  SHIFT  CHARACTERISTICS 


FIG.  7 

RESPONSE  OF  FOM  MODEM  IN  OUT-OF-BAND  SIGNALING  CASE 
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FIG.  9 

LINEAR  PLOT  OF  TEMPERATURE  VARIATION  OF 
OMEGA  LOW  FREQUENCY  MECHANICAL  FILTERS  -  PASSBANO 
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FIG.  10 

LOGARITHMIC  STOPBAND  PLOT  OF  TEMPERATURE  VARIATION  OF 
OF  OMEGA  LOW  FREQUENCY  MECHANICAL  FILTERS 


FIG.  11 

AMPLITUDE  RESPOND  01  DLlu.t  vJNrROL-ED  MODEM 
USING  MFf.HANtrai  FUTPR  i  qjj  PASS  FILTER  AND 
6-SECTION  ACTIVE  EQUALIZER 


FIG.  12 

DELAY  RFSPONSF  OF  ULi  AY  CONTROL  LED  MODEM 
USING  MECHANICAL  FILTER  LOW  PASS  FILTER  AND 
6-SECTION  ACTIVE  EQUALIZER 
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TEMPERATURE  INDUCED  FREQUENCE  CHANGES  IN  ELECTRODED  CONTOURED  QUARTZ  CRYSTAL  RESONATORS 


B. K.  Sinha  and  H.F.  Tiersten 


Department  of  Mechanical  Engineering,  Aeronautical  Engineering  S  Mechanics 
Rensselaer  Polytechnic  Institute,  Troy,  Hew  York  12181 


Abstract 


A  system  of  approximate  equations  recently  ob¬ 
tained  for  the  determination  of  thermal  stresses  in 
electroded  piezoelectric  plates  is  applied  to  con¬ 
toured  AT-cut  quartz  crystal  resonators.  The 
changes  m  resonant  frequency  resuiting  from  the 
thermally  induced  biasing  stresses  and  strains  are 
determined  from  an  equation  for  the  first  perturba¬ 
tion  of  the  eigenvalue  of  the  piezoelectric  solu¬ 
tion  due  to  a  bias.  The  changes  in  resonant  fre¬ 
quency  with  temperature  are  calculated  for  the 
fundamental  and  some  of  the  anharmonic  overtones  of 
the  fundamental  and  some  of  the  harmonic  overtone 
thickness  modes,  which  were  obtained  in  a  recent 
analysis  of  overtone  modes  in  contoured  crystal 
resonators. 


1.  Introduction 

A  perturbation  analysis  of  the  linear  electro¬ 
elastic  equations  for  small  fields  superposed  on  a 
bias  has  been  performed1 .  The  change  in  resonant 
frequency  due  to  any  bias  such  as,  e.g.,  a  residual 
stress  may  readily  be  obtained  from  the  resulting 
equation  for  the  first  perturbation  of  the  eigen¬ 
value  if  the  bias  is  known.  In  addition,  a  system 
of  approximate  plate  equations  for  the  determina¬ 
tion  of  thermal  stresses  in  thin  piezoelectric 
plates  coated  with  large  much  thinner  films  was 
derived3.  The  resulting  approximate  equations 
simplify  the  treatment  of  many  thermal  stress  prob¬ 
lems  considerably,  and  the  three-dimensional  detail 
not  included  in  the  approximate  description  is  not 
deemed  to  be  important  for  our  purposes.  Further¬ 
more,  an  analysis  of  contoured  AT-cut  quartz  crys¬ 
tal  resonators  vibrating  in  the  usual  coupled 
thickness-shear  and  thickness-twist  modes  has  been 
performed3'4,  and  it  has  been  shown3’4  that  the 
calculations  of  the  fundamental  and  the  anharmonic 
overtones  of  the  fundamental  and  each  harmonic 
overtone  thickness  mode  agree  extremely  well  with 
experiment. 

In  this  paper  the  aforementioned  system  of 
approximate  static  thermoelastic  plate  equations 
for  the  anisotropic  plated  crystal  plate  is  applied 
to  contoured  AT-cut  quartz  plates  with  large  circu¬ 
lar  electrodes.  As  in  the  earlier  work3,  the 
simple  solution  of  the  approximate  plate  equations 
for  the  thermally  induced  deformation  field  holds 
for  large  electrodes  of  essentially  arbitrary 
shape.  The  approximate  three-dimensional  displace¬ 
ment  field  resulting  from  the  solution  of  the  plate 


equations  is  readily  determined  from  the  descrip¬ 
tion.  The  substitution  of  this  three-dimensional 
displacement  field  into  the  above  mentioned  equa¬ 
tion  for  the  first  perturbation  of  the  eigenvalue1 
along  with  the  recently  obtained  solution  ,4  for 
the  vibrating  modes  in  contoured  quartz  crystal 
resonators  enables  the  calculation  of  the  tempera¬ 
ture  dependence  of  the  resonant  frequencies  of 
electroded  contoured  AT-cut  quartz  crystal  reson¬ 
ators  due  to  the  thermally  induced  biasing  deforma¬ 
tion.  The  change  in  frequency  with  temperature  re¬ 
sulting  from  the  newly  defined  temperature  deriva¬ 
tives  of  the  fundamental  elastic  constants  of 
quartz5’6  is  calculated  from  the  equation  for  the 
frequency  of  the  modes  in  contoured  resonators3 ’4 . 
The  combination  of  the  two  changes  yields  the  actual 
change  in  frequency  with  temperature  of  the  con¬ 
toured  resonator.  The  results  of  calculations  for 
gold  electrodes  on  contoured  AT-cut  quartz  reson¬ 
ators  for  various  harmonic  and  anharmonic  modes, 
different  film  thickness  and  different  curvatures 
are  presented.  Among  other  things,  the  apparent 
shift  in  angle  of  the  zero  temperature  cut  for  the 
contoured  resonator  is  calculated  for  the  first, 
third  and  fifth  harmonic. 


2.  Perturbation  Equations 


For  purely  elastic  nonlinearities  the  equation 
for  the  first  perturbation  of  the  eigenvalue  ob¬ 
tained  from  the  perturbation  analysis1  mentioned  in 
the  Introduction  may  be  written  in  the  form 
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0)  -  A 
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(2.1) 


where  and  w  are  the  unperturbed  and  perturbed 
eigenfrequencies,  respectively,  and 
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(2.2) 


where  v  is  the  undeformed  volume  of  the  piezoelec¬ 
tric  plate  at  the  reference  temperature  .  In 
(2.2)  cfy  denotes  the  normalized  mechanical  dis¬ 
placement  vector,  and  denotes  the  portion  of 
the  Piola-Kirchhoff  stress  tensor  resulting  from 
the  biasing  state  in  the  presence  of  the  ^  >  an3 
is  given  by 

\y  =  cLyMa  9a,M’  (2,3: 

where 
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^LYMCC  TLM6Y  6  +  3L\JtoaEEAB  +  2L'/K.MW Ct,  K 
+  2  LKMorW Y,  K  ’ 


TLM  2  LMKNBXN "  VLM (T  “  To*  ’ 

E1  =  i  (w  +  w  )  .  (2.5) 

KN  2  K,N  N,K 

The  quantities  t£h,  E^8  and  wK  denote  the  static 
biasing  stress,  strain  and  displacement  field,  re¬ 
spectively.  Thus,  in  this  description  the  present 
position  £  is  related  to  the  reference  position  X 
by 

X(XL,t)  =X+W(XL)  +u(XL,t)  .  (2.6) 

The  coefficients  clmkn  and  cLyM£iab  denote  the  second 
and  third  order  elastic  constants,  respectively,  vL„ 
denotes  the  thermoelastic  coupling  coefficients  and 
T  denotes  the  present  temperature. 

The  normalized  eigensolution  gy  and  f41  is  de¬ 
fined  by  (i 

where  Uy  end  (if1  are  the  mechanical  displacement  and 
electric  potential,  respectively,  which  satisfy  the 
equations  of  linear  piezoelectricity 

KLY  ”  2LYMffU a,  M  +  CMLY9,  M  ’ 

\  =  eLMyuY, M "  er.Mt?, M ’  (2,8) 

■i,h=pv  <2-9) 

subject  to  the  appropriate  boundary  conditions, and 
p  is  the  mass  density.  Equations  (2.8)  are  the 
linear  piezoelectric  constitutive  relations  and 
(2.9)  are  the  stress  equations  of  motion  and  charge 
equation  of  electrostatics,  respectively.  The  upper 
cycle  notation  for  many  dynamic  variables  and  the 
capital  Latin  and  lower  case  Greek  index  notation  is 
being  employed  for  consistency  with  Ref. 1,  as  is  the 
remainder  of  the  notation  in  this  section. 

3.  Temperature  Induced  Biasing  State 

A  schematic  diagram  of  the  electroded  con¬ 
toured  crystal  plate  is  shown  in  Fig.l  along  with 
the  associated  coordinate  system.  It  has  been 
shown3  that  referred  to  this  coordinate  system  the 
static  purely  extensional  thermoelastic  plate  equa¬ 
tions  for  the  plated  crystal  plate  may  be  written 
in  the  form 
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V(2)  =o, 

^AB.  A 


where  A  B,  C, ,D  take  the  values  1  and  3  and  skip  2 
and  Xiii  and  *11'  are  the  zero  and  second  order 
plate  stress  resultants,  respectively,  for  the  elec¬ 
troded  crystal  plate.  For  homogeneous  temperature 
states  and  identical  electrodes  on  the  upper  and 
lower  surfaces  the  extensional  constitutive  equa¬ 
tions  may  be  written  in  the  form 
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in  the  compressed  notation  and  we  have  introduced 
the  usual  compressed  matrix  notation7  for  tensor 
indices  according  to  the  scheme 

R,S=  1,3,5;  W,V=  2,4,6,  (3.4 


v  =c  -c  c  1c  .  B  =  v  -  c  c  .  (3.5) 

VRS  RS  RW  WJ  VS’  P  R  RW  WV  V 

The  Yrs  are  Voigts'  anisotropic  plate  elastic  con¬ 
stants  and  the  Br  are  the  associated  anisotropic 
plate  thermoelastic  constants.  For  the  case  of  an¬ 
isotropic  extension  considered  here  the  three- 
dimensional  strains  E* L ,  which  are  needed  in  the 
perturbation  equation,  are  related  to  the  plate 
strains  by 

ekl  =  I  (\l  +  wl,k)  =  ekl>+x22ekl  •  '3-6) 

The  plate  strains  E^5  (n  =  0,2),  which  occur  in 
(3.2),  are  given  by 

E^  -  —  (w(n)  +  „(n))  (3  7) 

fcAB  2  lWA,B  WB,A'  »  l'J- ,} 

and  the  remaining  plate  strains,  which  are  needed 
in  (3.6)  as  well,  may  be  obtained  from 

C— S^Aro«Sv*-v. 

In  Fig.l,  the  X2-coordinate  axis  is  normal  to 
the  flat  major  surface  of  the  plate  at  T=l’o.  Since 
the  outside  edges  of  the  plate  are  traction  free, 
we  have 

^A^AB^  =  0’  Vi?-  on  outs^e  edges,  (3.9) 

where  N*  denotes  the  outwardly  directed  unit  normal 
to  the  edge  of  the  plate  at  T=T0.  From  (3.1)  and 
(3.9)  we  have 

C=o>  C=°'  (3-io> 

for  the  unelectroded  portion  of  the  plate.  Since 
at  the  junction  between  the  electroded  and  unelec¬ 
troded  regions  of  the  plate  we  have  the  continuity 

v2l.  (3-U) 

where  N*  denotes  the  outwardly  directed  unit  normal 
to  the  edge  of  the  electrode  at  T=T0,  the  solution 
satisfying  (3.11),  (3,10)  and  (3.1)  takes  the  form 
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*^=0,  V™  =  o  everywhere  .  <3.12) 

This  solution  is  unique  to  within  static  homogene¬ 
ous  plate  rotations  of  zero  and  second  order.  Sub¬ 
stituting  from  (3.2)  into  (3.12),  we  obtain 

/  ,  2h'  ,  Y.(0)  ,2/YRS  ,  2h/  /  \  (2) 
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where 
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and  along  with  u^  we  have 
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where  for  the  modes  of  interest3  ,4 
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Equations  (3.13)  constitute  six  homogeneous  linear 
equations  which  may  readily  be  solved  for  the  six 
plate  strains  and  Eg2'.  Note  that  Eq.  (3.13) 
holds  for  the  slowly  varying  h  of  the  contoured 
resonator.  When  e|°^  and  Ss2  ^  have  been  determined 
from  (3.13),  E^° ^  and  E^,3^  are  readily  determined 
from  (3.8).  Then  the  three-dimensional  biasing 
strain  can  be  obtained  from  (3.6),  which  is  for  an¬ 
isotropic  extension,  and  the  curvature  of  the  con¬ 
toured  crystal  is  assumed  to  be  sufficiently  small 
that  flexural  biasing  deformations  can  be  neglected 
for  the  plano-convex  resonator  with  identical  elec¬ 
trodes  subject  to  a  homogeneous  temperature  change 
(T-T0). 

It  is  well  known  that  in  static  linear  elastic¬ 
ity  the  solution  to  a  boundary  value  problem  is 
unique  only  to  within  a  static  homogeneous  (global) 
infinitesimal  rigid  rotation8 .  in  addition,  the 
change  in  frequency  due  to  a  homogeneous  infinites¬ 
imal  rigid  rotation  has  been  shown  to  vanish3 . 
Consequently,  without  any  loss  in  generality,  we 
may  select  the  homogeneous  rigid  rotation  to  take 
any  value  that  is  convenient  and  in  particular  to 
vanish.  Accordingly,  we  take 
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and  p  and  p'  are  the  mass  densities  of  the  quartz 
and  the  electrodes,  respectively,  and  clx,  cls,  Cgg, 
c22>  e2e  £22  are  elastic,  piezoelectric  and  di¬ 
electric  constants,  respectively.  The  eigenfre- 
quencies  corresponding  to  the  eigensolutions  in 
(4.1)  with  (4.2)  are  given  by2’4 
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(3.14) 


which  with  (3.6)  yields 


W  -E  -E(0)+X2E(2) 

WL,  K  “  EKI,  KI  X2EKL  > 


In  addition  to  Ui„Bp  given  in  (4.1)  there  is  a 
u2nsp  ’  >  which  is  derived9 from  ulnnp  and  is  an 
order  of  magnitude  smaller  than  ulnap  but  is  re¬ 
quired  in  this  work  anyway.  However,  since  the 
(3.15)  discussion  of  the  relation  of  uSnBp  is  unusually 

n.imKove™..  i  f  i  .  knin.  .m.‘  m  .t. .  n 


which  provides  the  biasing  displacement  gradients 
wKlH  as  a  known  linear  function  of  (T-T0).  Thus, 
we  may  now  obtain  cLyhci  in  (2.4)  as  a  known  linear 
function  of  (T  -  T0 ) . 

4.  Eigenmodes  in  Contoured  Resonators 

Referred  to  the  coordinate  system  in  Fig.l,  it 
has  been  shown3'4  that  the  eigensolutions  for 
coupled  thickness-shear  and  thickness-twist  vibra¬ 
tions  in  contoured  rotated  Y-cut  quartz  resonators 
can  be  written  in  the  form 
nnx„ 

t  m  f 

(4.1) 


cumbersome,  it  is  being  omitted  from  this  work 

From  this  unperturbed  eigensolution  for  the 
contoured  crystal  plate  we  can  determine  the  normal¬ 
ized  eigensolution  we  need  for  the  perturbation 
formulation  in  Sec. 2  simply  by  writing 


91  =  Ul/N  »  f  =  'f’/N  J 


where,  for  Annp  =  1,  we  obtain9 
2 


N 


=  Pnh  2mm:  2PP wjzrjr  . 


(4.8) 


(4.9) 


u,  =  sin 
lnmp 


no  t 
-■rr—  u  e  nmp  , 
2h  nmp  1  ’ 


In  obtaining  Fq. (4.9)  we  have  replaced  2h  by  2ho 
since  the  eigensolutions  are  sharply  confined  in  the 
vicinity  of  the  center  of  the  contoured  plate  and 


230 


have  negligible  amplitudes  at  relatively  small 
values  of  Xj  and  X3 . 

5,  Temperature  Dependence  of  Resonant  Frequency 

The  change  in  the  resonant  frequency  with 
temperature  of  any  electrodea  contoured  rotated  Y- 
cut  quartz  plate  resulting  from  the  thermally  in¬ 
duced  biasing  deformation  may  now  be  determined 
from  (2.1),  which  we  rewrite  here  for  any  one  mode 
in  the  form 

W2V  W=WM~h>  t5-” 

where  for  the  case  of  coupled  thickness-shear  and 
thickness-twist  vibrations  of  contoured  resonators 
considered  here  we  have9 

V-  JdXl  JdX3  J  dX2  (XL191,  L  +  X22s2,  2  *  > 

-A  -A  -h  *  ’ 


since  g3,  i  and  g2(  i  and  g3l  3  are  negligible  . 

From  (2.3)  for  the  mode  being  perturbed  here,  we 
have 

~n  _  -  M  H 

KL1  CL1K191,  X  °L12292,  2  5 

/v  M  /s  M  ._  _ . 

K22  =  C22Xl9l,k  C222292,2  •'  5,3) 

where  ckyKa  is  known  as  a  linear  expression  in 
(T-T0)  from  the  analysis  in  Sec. 3.  Although  the 
change  in  the  elastic  constants  with  temperature, 

A2&YK a~  (d2LYKc/dT)  <T“  T0>  >  (5*4) 

can  in  principle  be  included  in  the  perturbation 
integral  (5.2)  simply  by  including  them  in  (5.3), 
it  is  not  at  all  purposeful  to  do  this9  because  of 
the  nature  of  the  procedure  employed3''1'4'1'12  in  ob¬ 
taining  the  approximate  solution  for  the  vibra¬ 
tional  modes  in  the  contoured  resonator.  Instead, 
it  is  more  profitable  to  obtain  the  change  in  fre¬ 
quency  to  with  temperature  due  to  the  change  in  the 
elastic  constants  with  temperature  simply  by  dif¬ 
ferentiating  (4.7)  with  respect  to  temperature9. 

The  to  thus  determined  must  be  subtracted9  from  the 
AH  obtained  from  (5.1)  in  order  to  obtain  the  total 
change  in  resonant  frequency  Aid  with  temperature  of 
the  electroded  contoured  rotated  Y-cut  quartz  plate. 
The  d^YKa/dT  are  obtained  from  the  first  tempera¬ 
ture  derivatives  of  the  fundamental  elastic  con¬ 
stants  of  quartz5'®  dgVoef8/dT  referred  to  the  prin¬ 
cipal  axes  by  the  tensor  transformation  relation 

d  d  ~ 

dT  2LYK«=aLDaYEaKFaQG  dT  2DEFG  > 

where  the  ayE  are  the  matrix  of  direction  cosines 
for  the.  transformation  from  the  principal  axes  to 
the  coordinate  system  containing  the  axes  referred  to 
the  contoured  plate.  When  the  conventional  IEEE 
notation13  for  doubly- rotated  plates  is  written  in 
the  form  (Y,X,w,  A)cp,  8,  where  $  =  0,  the  rotation 
angles  <p  and  8  are  the  first  two  Euler  angles,  and 
for  the  AT-cut14,  <p  =  0°  and  8  =  35.25°,  from 
which  the  a^  can  be  determined.  Clearly,  the 
transformation  relations  for  the  second  and  third 


order  elastic,  piezoelectric  and  dielectric  con¬ 
stants,  and  coefficients  of  linear  expansion  may  be 
written  in  the  respective  forms 

c  =  a  a  a  a  c 
2'KLMN  KD  LE  MF  NG2DEFG 

3KLMNA8  "  aKDaLEaMFahX;aAHaBl3DEFGHI  , 

e  =  a  a  a  e 
KLM  KD  LE  MF  DEF 

e  =a  a  e  ,  a  =a  a  "a  ,  (5.6) 

KL  KM  LN  UN  ’  KL  KM  LN  MN  ’ 

where  the  tensor  quantities  with  the  upper  cycle  are 
referred  to  the  principal  axes  of  the  crystal. 

The  resonant  frequency,  called  (««  here,  for 
the  particular  unperturbed  mode  of  interest  is  cal¬ 
culated  from  (4.7),  and  the  associated  mode  shape 
shape9'10  is  obtained  from  (4.1)  and  (4.2),  with 
(4.4)  and  (4.5).  Then  the  perturbation  integral  Hh 
is  evaluated  by  employing  (5.3)  and  (4.8)-^  in  (5.2) 
and  performing  the  integrations'" ,  after  which  to  is 
obtained  from  (4.7).  Then  the  actual  change  in 
frequency  with  temperature  Aid  is  obtained  from  the 
relation® 

Au)=A  -6(u.  (5.7) 

M 

Calculations  have  been  performed  using  the 
known  values  of  the  second  order  clastic,  piezo¬ 
electric  and  dielectric  constants  of  quartz15,  the 
third  order  elastic15  and  thermoelastic1 7  constants 
of  quartz  and  the  recently  obtained5  ,e  temperature 
derivatives  of  the  fundamental  elastic  constants  of 
quartz.  The  results  of  the  calculations  are  pre¬ 
sented  in  Figs.2-5  and  Table  I.  Figure  2  shows 
the  actual  rotation  angle  for  the  zero  temperature 
coefficient  of  frequency  AT-cut  as  a  function  of 
the  radius  of  curvature  for  the  first, third  and 
fifth  harmonics  for  a  center  thickness  2ho  of 
2.4772  mm.  The  results  are  independent  of  the 
thickness  of  the  electrode  because  the  influence  of 
the  electrode  is  about  two  orders  of  magnitude 
smaller  than  the  scale  shown  in  the  figure.  Note 
that  all  curves  are  asymptotic  to  the  line  corre¬ 
sponding  to  8=  35.25°  for  the  flat  plate  as  R  be¬ 
comes  large.  Figure  3  shows  log-log  plots  of  the 
change  in  rotation  angle  for  the  zero  temperature 
cut  from  8  =  35.25°  for  the  flat  plate  as  a  function 
of  2ho/R  for  the  first,  third  and  fifth  harmonics 
for  two  different  values  of  2ho.  The  solid  curves 
are  for  2ho  =2.4772  mm  and  the  dotted  curves  are 
for  2ha  =  1.6515  mm.  Again,  and  for  the  same 
reasons,  these  results  are  independent  of  the  elec¬ 
trode  thickness.  These  calculated  results  are  in 
substantial  agreement  with  known  measured  design 
curves9 .  Figure  4  shows  the  calculated  change  in 
frequency  with  temperature  of  the  AT-cut  (8=  35.25°) 
as  a  function  of  the  radius  of  curvature  for  the 
first,  third  and  fifth  harmonics  for  a  center 
thickness  of  2ho  “  1.6515  mm.  Note  that  all  curves 
are  asymptotic  to  zero  for  large  R.  Figure  5 
shows  the  change  in  frequency  due  to  the  presence 
of  the  electrodes  for  a  particular  contoured  reson¬ 
ator  and  angle  of  cut  as  a  function  of  the  electrode 
thickness  for  the  first,  third  and  fifth  harmonics 
and  a  number  of  the  anharmonics  of  each  harmonic. 

The  contoured  resonator  is  plano-convex  with  a 
center  thickness  21^  =  1.6515  itm,  a  radius  of 
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curvature  R=5.08  cm,  an  electrode  radius  &=  . 475cm 
and  a  cut  angle  9=35.08°,  which  corresponds  to  the 
zero  temperature  cut  for  the  fundamental  mode  (n  =  1, 
m  =  p  =  0)  for  this  particular  contoured  resonator. 
The  dotted  lines  are  for  the  first,  third  and 
fifth  harmonic  thickness  mode  for  the  flat  plate 
with  the  same  cut  angle.  Table  X  shows  the  cal¬ 
culated  differences  in  the  change  in  frequency 
with  temperature  due  to  the  electrodes  between  a 
few  of  the  lowest  ahharmonics  of  a  given  harmonic 
and  that  harmonic  for  the  first,  third  and  fifth 
harmonics.  These  well-defined  differences  in  the 
change  in  frequency  with  temperature  between  the 
anhanr.onic  modes  of  a  contoured  resonator  can  in 
principle,  and  may  conceivably  in  practice,  afford 
a  means  of  evaluating  the  intrinsic  stress  in  the 
electrodes  from  resonance  measurements. 

Acknowledgements 


We  wish  to  thank  D.  Stevens  of  Rensselaer 
Polytechnic  Institute  for  help  with  the  calcula¬ 
tions. 

This  work  was  supported  in  part  by  the  Army 
Research  Office  under  Grant  No.  DAAG  29-76-G-0173, 
the  Office  of  Naval  Research  under  Contract  No. 
N00014-76-C-0368  and  the  National  Science  Founda¬ 
tion  under  Grant  No.  ENG  72-04223. 

References 


1.  H.F.  Tiersten,  J.  Acoust.  Soc.  Am.  ,6£,  832 
(1978). 

2.  H.F.  Tiersten  and  B. K.  Sinha,  "Temperature 
Dependence  of  the  Resonant  Frequency  of  Elec- 
troded  Doubly-Rotated  Quartz  Thickness-Mode 
Resonators, ”  to  be  published  in  the  J.  Appl. 

Phys. 

3.  H.F.  Tiersten  and  R.C.  Smythe,  "An  Analysis  of 
Overtone  Modes  in  Contoured  Crystal  Resonators," 
Proceedings  of  the  31st  Annual  Symposium  on 
Frequency  Control,  U.S.  Army  Electronics  Com¬ 
mand,  Fort  Monmouth,  New  Jersey,  44  (1977). 

4.  H.F.  Tiersten  and  R.C.  Smythe,  "An  Analysis  of 
Contoured  Crystal  Resonators  Operating  in 
Overtones  of  Coupled  Thickness-Shear  and 
Thickness-Twist,"  to  be  published  in  the  J. 
Acoust.  Soc.  Pm. 

5.  B.K.  Sinha  and  H.F.  Tiersten,  "Temperature 
Derivatives  of  the  Fundamental  Elastic  Constants 
of  Quartz,"  Proceedings  of  the  32nd  Annual 
Symposium  on  Frequency  Control,  U.S.  Army 
Electronics  Research  and  Development  Command, 
Fort  Monmouth,  New  Jersey,  150  (1978). 

6.  B.K.  Sinha  and  H.F.  Tiersten,  J.  Appl.  Phys., 

50,  2732  (1979). 

7.  H.F.  Tiersten,  Linear  Piezoelectric  Plate 
Vibrations  (Plenum,  New  York,  1969),  Chap. 7, 
Sec.l. 

8.  A.E.H.  Love,  A  Treatise  on  the  Mathematical 
Theory  of  Elasticity,  4th  ed.  (Cambridge  Uni¬ 
versity  Press,  Cambridge,  1927)  also  (Dover, 

New  York,  1944)  Secs. 18  and  118. 

9.  For  more  detail  see  B.K.  Sinha  and  H.F. 

Tiersten,  "Temperature  Dependence  of  the  Res¬ 
onant  Frequency  of  Electroued  Contoured  AT-cut 
Quartz  Crystal  Resonators,"  to  be  issued  as  a 
technical  report,  Rensselaer  Polytechnic 


Institute,  Troy,  NY  12181. 

10.  The  rather  involved  detailed  discussion  of  the 
relation  between  u2asp  and  ulnsp  for  the  modes 
in  the  contoured  resonator  is  included  in 
Ref.  9. 

11.  H.F.  Tiersten,  "Analysis  of  Intermodulation  in 
Thickness-Shear  and  Trapped  Energy  Resonators," 
J.  Acoust.  Soc.  Am.,  57,  667  (1975). 

12.  H.F.  Tiersten,  "Analysis  of  Trapped  Energy 
Resonators  Operating  in  Overtones  of  Coupled 
Thickness-Shear  and  Thickness-Twist,"  J.  Acoust. 
Soc.  Am.,  59,  879  (1976). 

13.  "Standards  on  Piezoelectric  Crystals,  1949," 
Proc.  IRE,  37,  1378  (1949).  Since  the  trans¬ 
formation  programs  were  written  before  the  new 
IEEE  Standard  on  Piezoelectricity  -  IEEE 

Std  176-  1978  -  was  issued,  it  was  more  conven¬ 
ient  to  use  the  crystallographic  conventions 
based  on  the  old  1949  Standards. 

14.  The  angle  quoted  is  for  the  flat  plate.  For 
the  contoured  resonator  the  angle  8  changes  in 
accordance  with  the  discussion  in  Sec. 5. 

15.  R.  Bechmann,  "Elastic  and  Piezoelectric  Con¬ 
stants  of  Alpha-Quartz,"  Phys.  Rev.,  110, 

1060  (1958). 

16.  R.N.  Thurston,  H.J.  McSkimin  and  P.  Andreatch, 
Jr.,  "Third  Order  Elastic  Constants  of 
Quartz,"  J.  Appl.  Phys.,  37,  267  (1966). 

17.  F.  Kohlrausch,  Lehrbuch  der  prakt.  Physik,  16. 
aufl.  5.  158  (1930).  Constants  employed  in 
Ref. 18. 

18.  R.  Bechmann,  A.D.  5allato  and  T. J.  Lukaszek, 
"Higher  Order  Temperature  Coefficients  of  the 
Elastic  Stiffnesses  and  Compliances  of  Alpha- 
Quartz,"  Proc.  IRE,  50,  1812  (1962). 


TABLE  I 

Difference  in  the  Temperature  Induced  Frequency 
Change  due  to  the  Electrodes  for  the  Lowest 
Three  Harmonic  Modes  and  the  Lowest  Lateral 
Overtones  of  Each  Harmonic  at  25°C 
(2ho  =  1.6515  mm,  2h'  =1000  A,  R=5.08  cm, 

2 A  =  0.95  cm,  9=  35.08°) 


Mode 

(n,  0, 0)  -  (n, m,p) 


Difference  in  Electrode 
Induced  Frequency  Change 
Af/f(T-Tc)  (PPM/K) 


(1,0,0)  - 

(1,0,2) 

-  3.29  X  10‘ 

(1,0,0)  - 

(1,2,0) 

-  3.60 

(1,0,0)  - 

(1,2,2) 

-  5.18 

(3,0,0)  - 

(3,0,2) 

-  0.47 

(3,0,0)  - 

(3,2,0) 

-  1.38 

(3,0,0)  - 

(3,2,2) 

-  1.53 

(5,0,0)  - 

(5,0,2) 

-  0.36 

(5,0,0)  - 

(5,2,0) 

-  0.97 

(5,0,0)  - 

(5,2,2) 

-  1.18 
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ROTATION  ANGLE  9 


Figure  X 


Plano-convex  Resonator 


R 

Figure  3 

Change  in  the  Rotation  Angle  A9  from  0  =  35.25°  for  the 

Zero  Temperature  Cut  as  a  Function  of  2h  /R  for  the  Three 

Lowest  Harmonic  Modes.  The  solid  curves  are  for  2h  = 

o 

2.4772  mm  and  the  dotted  curves  are  for  2h  =1.6515  mm. 

o 


35.25 


35.20 


35.05 


35.00 


Figure  2 


RADIUS  OF  CURVATURE  R  (cm) 

Rotation  Angle  9  for  the  Zero  Temperature  Coefficient  of 
Frequency  AT-cut  as  a  Function  of  the  Radius  of  Curvature  R 
for  Some  Harmonic  Modes.  The  center  thickness  2h=  2.4772  mm. 


RADIUS  OF  CURVATURE  R(cm) 

Relative  Change  in  the  Resonant  Frequency  per  °K  for 
a  Plano-convex  AT-cut  (6=35.25°)  Resonator  as  a  Function 
of  the  Radius  of  Curvature  for  the  Three  Lowest  Harmonic 
Modes.  The  center  thickness  2hQ  =  1.6515  mm. 
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Summary 

Frequency  fluctuations  of  the  quartz  oscillator 
was  measured  by  periodically  varying  the  oven  tem¬ 
perature,  and  the  transfer  function  of  the  frequen¬ 
cy  variation  for  the  temperature  variation  was 
derived  such  that  it  best  fits  the  observation. 

The  transfer  function  contains  heat  effects  of  the 
housing,  supports,  and  the  temperature  sensor  in 
addition  to  the  resonator  itself.  Frequency 
fluctuations  of  the  oscillator  were  compared  with 
the  spontaneous  temperature  fluctuation  of  the 
temperature-stabilized  oven.  They  partly  obey  the 
transfer  function  but  partly  stochastic  independent 
of  each  other. 

Introduction 

Frequency  of  a  quartz  oscillator  is  influenced 
by  a  temperature  fluctuation  even  at  a  turn-over 
temperature  because  the  frequency  fluctuation 
depends  on  a  time  rate  of  change  of  the  temperature 
as  well  as  a  temperature  itself.  The  frequency 
responses  to  a  triangular  temperature  increase1' 
and  to  a  step  temperature  increase^)  were  already 
measured.  Ballad  and  Vig  proposed  a  formula  for 
static  and  dynamic  responses  which  is  nonlinear  in 
a  temperature  increase.  '  Practically  a  quartz 
oscillator  is  placed  in  a  temperature-controlled 
oven  and  hence  the  temperature  fluctuation  is  very 
small.  For  such  a  small  temperature  fluctuation  a 
relationship  between  the  frequency  fluctuation 
and  temperature  fluctuation  must  be  linear  as  far 
as  one  is  the  result  of  the  other. 

We  have  analyzed  their  mutual  relation  in 
terms  of  a  concept  of  Mie  transfer  function.  From 
the  functional  form  of  the  transfer  function  which 
simulates  observations,  speculations  were  made 
about  physical  processes  involved.  It  has  been 
found  that  the  frequency  fluctuation  is  not  com¬ 
pletely  connected  to  the  temperature  fluctuation; 
their  relationship  is  partly  causal  and  partly 
stochastic . 

Method 

Temperature  was  measured  with  a  platinum 
r  sistor  which  composed  a  branch  of  a  bridge  cir¬ 
cuit.  This  temperature  sensor  was  placed  in  a 
cavity  made  in  a  copper  block.  The  response  time 
of  the  sensor  is  50  sec  and  the  minimum  detectable 
temperature  variation  is  about  1  mdeg. 

Specimen  was  a  5-MHz  5th  overtone  AT-cut 


plano-convex  quartz  crystal  resonator  mounted  in  an 
HC-6U  housing.  The  specimen  was  placed  in  another 
cavity  made  in  the  same  copper  block;  a  large  mass 
and  a  large  thermal  conductivity  of  the  copper 
block  assure  that  the  specimen  was  at  as  close  a 
temperature  to  that  of  the  temperature  sensor  as 
possible.  A  small  temperature  fluctuation  was  able 
to  be  externally  given  to  the  oven. 

Difference  voltages  of  the  bridge  were  ampli¬ 
fied  1000  times  with  an  instrumentation  amplifier 
which  was  mounted  in  the  oven  to  avoid  thermoelec¬ 
tric  effect.  These  analog  signals  proportional  to 
temperature  fluctuation  were  passed  through  a  low- 
pass  filter  to  minimize  aliasing  after  digital  data 
processing  and  converted  into  12-bit  digital  sig¬ 
nals;  they  are  punched  out  on  a  paper  tape  which 
was  controlled  by  a  CPU  8080A. 

The  frequency  of  the  oscillator  under  measure¬ 
ment  was  mixed  with  the  frequency  of  a  reference 
quartz  crystal  oscillator  which  was  placed  within 
a  double  oven  of  which  temperature  was  better  con¬ 
trolled  .  The  period  of  their  beat  signal  was 
measured  with  a  counter  and  the  data  were  also 
punched  out  on  the  same  paper  tape  together  with  the 
temperature  data.  The  period  of  the  beat  signal 
was  averaged  over  100  periods  to  reduce  the 
aliasing.  A  block  diagram  of  the  whole  system  is 
shown  in  Fig.  1. 

Temperature  variation  and  frequency  variation 

A  periodic  temperature  variation  was  given  to 
the  oven;  Fig.  2a  shows  a  waveform  of  a  temperature 
variation  where  the  period  is  22  minutes  and  the 
amplitude  is  5  mdeg.  The  frequency  fluctuation  at 
four  temperatures  are  plotted  in  (b)  through  (e) ; 
the  turn-over  temperature  is  75.5°C.  Dashed  lines 
indicate  frequency  fluctuations  expected  from  the 
static  temperature  frequency  response;  the  discre¬ 
pancies  between  this  and  observation  are  approxi¬ 
mately  proportional  the  time  rate  of  temperature. 

We  have  tentatively  derived  a  transfer  func¬ 
tion  .which  consists  of  two  terms;  one  is  equal  to 
the  temperature  coefficient  of  the  frequency  times 
the  temperature  variation  and  the  other  is  propor¬ 
tional  to  the  time  rate  of  change  of  the  temper¬ 
ature  of  which  proportionality  coefficient  has  been 
determined  such  that  results  best  fit  the  obser¬ 
vation.  The  gain  and  the  phase  of  the  transfer 
function  thus  derived  are  shown  by  dashed  lines  in 
Fig.  3.  There  still  remains  some  amount  of 
discrepancy  from  Che  observation. 


235 


Transfer  function 


Acknowledgement 


To  eliminate  discrepancies  between  the  ob¬ 
served  frequency  fluctuation  and  the  expected 
frequency  fluctuation  calculated  with  the  aid 
of  the  transfer  function  as  a  result  of  the 
artificially  applied  periodic  temperature  variation, 
some  terms  have  been  added  to  the  original  transfer 
function.  Solid  lines  in  Fig. 3  were  calculated 
with  this  new  transfer  function  H(m)  which  is 


H(u>  =  H(u)A(u)/B(u)  (1) 

where 

H(u)  =  ct(T)  +  juo  (2) 

A(m)  =  1/(1  +  juijHl  +  j«T2)  (3) 

B(to)  =  1/(1  +  jux-j)  (4) 

and 


B  =  -  120  /deg,  t1  =  10  s,  x2  =  110  s 
=  50  s. 

H(u)  represents  a  transfer  function  of  the 
quartz  resonator  itself,  where  a  is  a  temperature 
coefficient  of  the  resonant  frequency  variation 
which  strongly  depends  on  the  temprature  and  jBu 
stands  for  the  effect  of  the  time  rate  of  change 
of  the  temperature,  the  value  of  B being  constant 
over  temperatures  we  investigated(57  °C  to  77.6 
°C).  A(u)  is  a  transfer  function  of  the  supports 
and  housing  of  the  resonator.  Term  1  +  jux  is  a 
transfer  function  for  a  simple  relaxation  process 
with  relaxation  time  r;  therefore,  A(u)  is  con¬ 
cerned  with  two  relaxation  processes,  one  occuring 
after  another.  B(w)  refers  to  a  single  relaxation 
process  probably  of  heat  conduction  of  the  temper¬ 
ature  sensor.  The  block  diagram  of  this  structure 
is  shown  in  Fig. 4.  T^  is  a  temperture  on  the  sur¬ 
face  of  the  resonator,  T2  is  a  temperature  of  the 
sensor,  T^  is  circuit  noise,  F  is  partly  circuit 
noise  and  partly  spontaneous  fluctuation  of  the 
resonant  frequency,  and  F  and  f  are  frequency  and 
temperature  outputs. 

Conclusions 

Causal  relationship  between  frequency  fluc¬ 
tuations  of  a  quartz  oscillator  and  fluctuations  of 
an  oven  has  been  investigated  in  terms  of  the 
transfer  function.  The  following  is  found 

1)  The  transfer  function  contains  thermal  effect 
of  the  housing  of  a  quartz  resonator,  and 
another  thermal  effect  of  a  temperature  sensor. 

2)  The  thermal  effect  of  the  housing  is  represen¬ 
ted  by  two  relaxation  processes  with  different 
time  constants,  they  occurring  one  after  another  . 

3)  The  thermal  effect  of  the  temperature  sensor  is 
represented  by  a  single  relaxation  process. 

4)  Relatively  large  spontaneous  frequency  fluctu¬ 
ations  are  taking  place  at  fluctuation  frequen¬ 
cies  above  10  Hz,  under  spontaneous  tempera¬ 
ture  fluctuations  of  standard  deviation  1  mdeg. 
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OVEN 


Fig.l  Block  diagram  of  the  experimental  setup 
for  measuring  frequency  fluctuation  of  a  quartz 
crystal  oscillator.  The  quartz  resonator  to  be 
measured  is  mounted  in  the  upper  oven,  of  which 
temperature  is  detected  by  a  Pt  resistor  composing 
a  branch  of  a  bridge  circuit.  The  frequency  is 
compared  with  a  frequency  of  a  reference  quartz 
oscillator. 
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OVEN  TEMPERATURE:  73.5 °C 


Fig. 2  Periodic  temperature  variation  (a)  which  is 
artificially  generated  and  frequency  variations  (b, 
c,d,e)  at  temperatures  listed  in  the  figure.  The 
turn-over  temperature  is  75.5  °C.  Dashed  lines 
indicate  frequency  variations  expected  from  the 
temperature  coefficient  of  the  resonant  frequency. 


FREQUENCY  (  Hz ) 


Fig. 3  The  transfer  functions  of  the  frequency 
fluctuation  which  was  derived  by  applying  periodic 
temperature  variations(0.03  deg).  Dashed  line 
refers  to  when  the  transfer  function  consists  only 
of  terms  proportional  to  temperature  variation  and 
to  its  time  rate  of  change.  More  terms  are  needed 
to  better  approximate  the  observation. 


T 


Fig. 4  A  physical  model  for  the  transfer  function 
we  used.  ?  and  T  are  outputs  of  frequency  and 
temperature  fluctuations.  F^  stands  for  circuit 
noise  and  spontaneous  frequency  fluctuation.  T^  is 
circuit  noise.  A  and  B  are  temperature  transfer 
functions  of  a  housing  of  the  quartz  resonator  and 
the  temperature  sensor.  T  is  the  temperature  of 
copper  block  in  which  the  resonator  and  the  temper¬ 
ature  sensor  are  mounted. 
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OVEN  TEMPERATURE :  73.5  CC 


Fig. 5  Observed  values  of  the  transfer  function  as 
a  function  of  the  spontaneous  temperature  fluctua¬ 
tion  of  the  oven.  Solid  lines  are  caliculated  from 
eq.(l). 
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Fig.  6  Coherence  spectrum  between  temperature 
fluctuation  and  frequency  fluctuation  where  the 
artificial  temperature  variation  is  not  applied. 
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Summary 

The  regular  model  of  the  thermal  properties 
of  quartz  crystal  resonators  consisting  of  a  third 
order  polynomial  representation  versus  temperature 
can  be  used  to  determine  frequency  shifts  only  lor 
very  slow  temperature  changes,  i.e.  when  the  tem¬ 
perature  distribution  is  uniform  and  no  thermal 
gradients  occur.  In  fact  this  condition  rarely  is 
satisfied  and  it  is  necessary  to  take  into  account 
the  spatial  temperature  distribution  resulting 
from  external  fluctuations  and  heat  diffusion 
along  the  connecting  wires,  the  mounting,  the 
electrodes  and  the  crystal  itself.  Those  mecha¬ 
nisms  are  described  and  it  is  shown  that  the  re¬ 
sulting  frequency  changes  generally  are  propor- 
tionnal  to  the  time  derivative  of  the  external 
temperature.  This  simulation  enables  to  calculate 
the  relative  magnitude  of  the  dynamic  thermal  sen¬ 
sitivity  of  singly  and  doubly-rotated  cuts  with 
respect  to  AT-cut.  It  can  be  used  either  for  small 
or  large  amplitude  temperature  variations. 

The  predicted  values  are  compared  witn  expe¬ 
rimental  data  for  AT  and  SC  cuts,  and  it  is  con¬ 
firmed  that  the  SC  cut  exhibits  a  thermal  tran¬ 
sient  effect  lowered  by  a  factor  50. 

Temperature  variations  can  be  step,  ramp,  or 
sinusoidal  functions  produced  by  a  digital  tempe¬ 
rature  controlled  oven. 

The  temperature  ^tability  required  for  very 
stable  oscillators  can  'deduced  from  this  study  by 
means  of  the  dynamic  temperature  coefficient.  By 
using  a  quartz  sensor  for  temperature  measurement 
and  a  digital  servo-system,  the  accuracy. in  tempe¬ 
rature  control  can  be  greatly  improved. 

Introduction 

Operating  a  quartz  crystal  resonator  at  the 
turn-over  point  of  its  static  frequency- temperature 
curve  does  not  cancell  out  the  all  frequency 
shifts  related  with  temperature  variations.  Only 
the  very  slow  one  can  be  eliminated.  In  fact  any 
external  temperature  variation  is  followed  by  heat 
diffusion,  between  the  surrounding  medium  and  the 
crystal  itself,  along  the  connecting  wires,  the 
supports  and  the  electrodes.  Consequently  tempera¬ 
ture  within  the  crystal  has  a  spatial  distribution 
and  the  thermal  behavior  includes  at  the  same  time 
spatial  and  temporel  gradients.  It  follows  that 


thermal  stresses  and  strains  take  place  and  induce 
frequency  shifts  by  non  linear  coupling  with  the 
high  frequency  wave. 

This  dynamic  thermal  behavior  lead  to  fre¬ 
quency  fluctuations  much  larger  than  would  be 
expected  f^om  the  static  one  as  it  has  been  shown 
by  Ballato  who  proposed  a  phenomenological  model 
by  introducing  an  additional  term,  time  dependant, 
in  the  first  order  temperature  coefficient  of  the 
static  f-T  effect.  This  model  was  the  first  one 
easily  usable  for  describing  the  dynamic  behavior 
of  quartz  resonators  and  is  in  good  agreement  with 
experimental  results  for  small  amplitude  tempera¬ 
ture  variations.  It  is  also  interesting  to  relate 
the  dynamic  temperature  coefficient  to  the  crystal 
fundamental  constants  as  it  has  been  done  by 
Holland  in  the  case  of  an  initial  heat  distri¬ 
bution  along  the  thickness.  Such  a  calculation 
determines  the  relative  amplitude  of  the  effect 
whatever  the  crystal  orientation  is  and  enables  to 
desensitize  the  resonator  in  the  vicinity  of  TS 
and  SC  cuts. 

The  purpose  of  this  paper  is  to  build  up  a 
model  equivalent  to  Ballato's  model  by  starting 
from  the  crystal  fundamental  constants  and  using 
Holland's  calculation.  The  temperature  distribu¬ 
tion  along  the  crystal  thickness  is  to  be  deter¬ 
mined  as  a  function  of  the  surrounding  medium 
fluctuation  and  the  support  and  mounting  configu¬ 
ration.  The  guideline  being  to  demonstrate  that 
the  relative  frequency  fluctuations  directly  are 
proportionnai  to  the  time  derivative  of  external 
temperature. 

Frequency  variations 

A  one-dimensional  model  is  used  consisting  in 
a  crystal  plate  of  thickness  2h,  of  infinite  late¬ 
ral  sizes  along  Xj  and  x^  and  uniformly  plated  on 
its  two  faces.  The  plate  is  linked  with  the  sur¬ 
rounding  medium  by  two  equivalent  symmetrical 
wires.  Let  T(t)  be  the  external  temperature  ,  4>(t) 
the  temperature  on  the  plate  faces  and  0(x2,t)  the 
temperature  within  the  crystal  as  shown  on  fig.  1. 

The  0(x2,t)  temperature  can  be  splitted  into 
two  terms 

0(x2,t)  =  f(t)  +  f(x2,t)  (1) 

the  first  one  f  being  independant  o'  the  spatial 
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variable  x„  ana  corresponding  to  some  average  along 
the  plate  thickness  ;  the  second  one  f(x2,t)  is  a 
complementary  function  representative  of  the  tem¬ 
perature  gradients. 


Under  a  temperature  variation  an  adiabatic 
deformation  takes  place  and  the  medium  becomes  in¬ 
homogeneous.  Therefore  the  wave  propagation  condi¬ 
tion  is  modified.  If  one  refers  to  a  natural  state 
coordinate  system  the  non  linear  propagation 
equation  is 

po  “I  "  PHto  Uk,r)  (2) 


where  A.  ,  is  the  modified  elastic  constant  which 
can  be  written  following  the  form 


A.  ,  =  C.  .  +  H.  , 

iskr  iskr  iskr 


(3) 


C.  ,  are  the  regular  second  order  elastic  cons¬ 
tants  and  H.  ,  the  perturbation  terms  which  are 
related  to  tfier thermal  stresses  and  strains.  Let 
u?  be  the  mechanical  vibration  amplitude  compo¬ 
nents  of  the  wave  when^propagating  in  the  unper- 
turbated  medium  and  u?  the  complex  conjugate.  By 
using  a  perturbation  method  the  relative  frequency 
shift  Au/u  can  be  calculated 


/  u?*  AT 

i>s  1 


iskr  uk,r  d V 

Au/u  = 

2p  u2  /  u?  u?  dy 
o  o'  11 
V 


W 


p  being  the  specific  mass  and  V  the  wave  velo¬ 
city  of  the  unstrained  crystal. 

If  one  considers  a  pure  thickness  shear  vi¬ 
bration  mode 


o  jut  .  “x2 

u(  *»  a,  eJ  sin 

o 

relation  (A)  takes  the  simple  form 
,  +h  wx„ 


Au/w 


/  H 


2p  V2h  -h 
o  o 


12,2  cos  v  dx2 
0 


with 


(5) 


(6) 


H 1 2 1 2  "  T22+(C12l21l+2C1212)nll+C!2l222n22 


+C1 2 1 233n33+C 1 2 1 223n23+C 1 2 1 2aC 


1212 


(7) 


The  T. .  and  nk.  quantities  correspond  to  the 
thermal  stresses  and  strains  ;  the  's  are 

the  non  linear  3rd  order  elastic  consian?sp!nd 
°C12I2  t*le  true  ttm5eraCure  coefficient  of  the 
C i 2 • 2  clastic  constant  .  The  determination  of  the 
preaeforraation  will  therefore  lead  to  the  fre¬ 
quency  shifts  by  using  relations  (6)  and  (7). 

Determination  of  the  thermal  strains  and  stresses 


Let  us  consider  a  free  plate  with  negligible 
edge  effects  as  presented  on  fig.  1.  (In  fact  a 
more  accurate  model  must  take  into  account  the 


influence  of  the  mounting,  i.e.  the  reaction  for¬ 
ces  at  the  fixation  points  untjer  the  crystal  dila¬ 
tation)  .  By  following  Holland  the  adiabatic  de¬ 
formation  r)..  which  takes  place  immediately  after 
an  external  temperature  change  $  is  given  by 


nll  =  “ll  0 


1^22  ~  a22  ^ 

n33  =  “33  0  "  (C1I33  “ll  +  C2233  “22^  0 
n23  =  “23  0  "  (Cll23  “ll  +  C2223  *22^  0 
^  =  0 
~2  =  0 


(8) 


where  the  a. .  are  the  thermal  expansion  coeffi¬ 
cients.  The  .  and_a!.  can  be  easily  found  in 
the  paper  of  r4f.  2.  S  the  average  of  the 

temperature  on  the  plate  thickness. 

_  ,  +b 

0=2 £  /  ®  (*2>t)  dx2  (9) 


The  corresponding  stresses  directly  follow  by 
the  use  of  the  stress-strain  relations.  With  equa¬ 
tions  (7),  (8),  (9)  and  (1)  in  (6)  and  by  using 
single-subscript  notation  the  relative  frequency 
shift  is  written 


h^+k,,  _  k,.  +h  2u  x, 

Au/u  =  - -  0  +  -  /  f(x.,t)coS  -r: -  dx. 

0  2p  V2  Ahp  V2  -h  2  Vo  2 

o  o  o  o 

where 

h66  =  C66 1  “  1  +C663a3~C662C2p  VC664Ca“u  ( 1 1 } 


k66  =  C662  “2  +  C66A  a4  +  \6  C66 


(12) 


The  quantity  (1/2) (h66  +  k66)  corresponds  to 
the  static  temperature  derivative  a  of  the  re¬ 
sonator  resonance  frequency  .  Therefore 

—  k66  +I’  2wox2 

Au/u  =aQ0  +  ^ —  /  f(x2,t)cos  -y - dx2  (13) 

nu66  -h  o 


It  can  be  observed  that  the  relative  fre¬ 
quency  variations  is  composed  of  two  terms.  The 
first  one  corresponds  to  the  static  thermal  beha¬ 
vior  and  is  related  to  the  mean  value  of  the  tem¬ 
perature.  The  second  one  is  the  dynamic  effect.  In 
order  to  decrease  the  dynamic  sensitivity  a 
doubly-rotated  cut  can  be  used  which  at  the  same 
time  enables  to  keep  a  at  zero  and  minimize  the 
k,,  coefficient.  Such  a  research  leads  to  desen¬ 
sitized  cuts  located  in  the  vicinity  of  the  TS  and 
SC  cuts  as  shown  by  the  data  presented  on  table  I. 
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Crystal 

cut 

AT 

Y 

BT 

$=22°5 

0=34°3 

4>=22°8 

0=34°3 

4>=21°9 

0=33°9 

1 

2,7 

-1 .8 

-1.9. 

-2 

-1.8. 

-2 

8.4  * 
-2 

Vt 

10 

10 

10 

Table  I 

Values  of  Che  coefficient  k^g  representative  of 
the  dynamic  thermal  behavior  for  various  crystal 
orientations.  The  coefficient  is  normalized  with 
respect  to  the  AT  cut. 

Temperature  distribution 

In  the  case  or  the  one-dimens ionnal  model  the 
temperature  0(x2,t)  can  easily  be  given  in  a  gene¬ 
ral  form  as  a  function  of  the  boundary  temperature 
f(t)5 

®  72-  mix. 

.  r  nitK  ,  n'-ir^Kt,  .  ,  2.  T/_.  /t/. 

0(x7,t)=  l - exp( - )  sin  (  )  I(t)  (!-t) 

2  n=12h2  4h2  2h 

n  odd 

with  t  22 

I(t)  =  /  exp  (—  —  —  t)  Hr)  dT 
o  4h2 

where  k  is  the  thermal  diffusivity  constant  of  the 
material.  If  ^(t)  is  a  slowly  variable  function  of 
time  the  integration  in  relation  (14)  can  be  per¬ 
formed  by  parts  and  derivatives  higher  than  the 
Irst  order  one  are  neglected.  Thus  a  simple  rela¬ 
tion  is  obtained 

0(x2>t)  =  H t)  +  -1  (x2  -  ^ )  *«=>  05) 

with  Ht)  =  d<t>  /dt.  By  comparison  with  relation  (I) 
it  follows 


f(t)  =  4>(t)  -  ^  $(t) 

(16) 

X2 

f (x2,t)  =  ^  $(t) 

(17) 

As  it  has  been  shown  above,  the  corresponding 
frequency  variations  can  be  divided  into  the  sta¬ 
tic  and  the  dynamic  ones.  Generally  the  first  ones 
are  cancelled  out  by  using  Che  appropriate  cut. 

The  dynamic  remaining  term  only  depends  on  the  com¬ 
plementary  function  f(x2>t)  and  therefore  is  pro- 
portionnal  the  $(t).  This  confjrms  the  phenomeno¬ 
logical  model  given  by  Ballato  . 

A  one-diwensionnel  model  is  not  very  satisfac¬ 
tory,  because  it  does  not  represent  a  real  resona¬ 
tor.  If  the  main  faces  are  not  entirely  covered  by 
electrodes  with  a  thermal  conductivity  higher  than 
the  conductivity  of  the  crystal,  transverse  ther¬ 
mal  diffusion  will  occur  and  modify  the  temperatu¬ 
re  gradient  distribution.  In  fact  the  electrodes 
are  deposited  at  the  center  of  the  plate  and  the 
thermal  conductivity  of  the  crystal  and  the  pla¬ 
ting  are  comparable.  Then  it  would  be  necessary  to 
take  into  account  the  functicrmal  dependance  of 
the  temperature  along  the  x(  and  x^  axis.  An  other 


way  is  not  to  use  the  true  value  of  k  but  to  con¬ 
sider  it  as  a  correcting  factor  to  be  adjusted. 

By  the  use  of  equation  (17)  into  (13)  the_ 
frequency  variation  as  a  function  of  $(t)  and  $(t) 
is  obtained 

Aco/u  =  a  ($  -  -5-  $>)  +  a  $  (18) 

oo  3k 

The  first  term  depends  upon  the  regular  1st  order 
static  temperature  coefficient  a  ana  can  be  ne¬ 
glected,^  being  made  small  by  adjusting  the  cut 
angles,  a  is  the  dynamic  temperature  coefficient 
of  frequency  and  is  directly  proportionnal  to  k&(.. 
Its  absolute  value  can  be  calculated  but  because 
of  the  preceding  remarks  it  does  not  fit  with  the 
experimental  data  for  resonators  vibrating  on 
overtones  and  a  phenomenological  determination  is 
preferable  directly  or  by  means  of  k. 

The  higher  order  static  temperature  coeffi¬ 
cients  can  be  added  in  equation  (18).  If  the 
crystal  thickness  is  small  so  that  h2/3K  is  smal¬ 
ler  than  the  relaxation  time  of  the  temperature, 
the  final  form  is 

Au/u  =  a  dt'/dt  +  a  ($-'*’  )  +  b  (■{>— 4>  )2 
o  o  o  o  o 

+  c  ( $-$  )3  (19) 

o  o 

where  $  is  the  reference  temperature. 

Remark  :  The  heat  exchanges  between  the 
crystal  boundaries  at  temperature  C>(t)  and  the 
surrounding  medium  at  T(t)  take  place  through  the 
connecting  wires  and  the  supports  represented  on 
fig.  1  by  two  equivalent  wires  of  length  l  and 
diffusivity  constant  £.  Temperature  $(X,,t)  at  any 
point  of  the  rod3  of  coordinate  X,,  (X,,  being  mea¬ 
sured  from  its  outer  end)  is  given  by  ..  . 

X  t  '  ^ 

«(X,,t)  = — —  S  — ■^575'  exp  (-X^/4g(t-T))  dr 
2.'*  5  o  (t-r)  ' 

In  the  case  of  a  general  function  T(t)  this 
integration  must  be  performed  with  a  computer.  In 
the  simplest  case  of  sinusoidal  temperature  varia¬ 
tions  of  amplitude  AT  the  solution  is  easily 
obtained 

$(X2,t)  *■  <j>o  sin(flt  +  ifO  (21) 

with  the  amplitude  and  the  phase  difference 
*o/ATo=  exp  (-  (f^)1/2  t)  ,  *  ■  (§£)'/2  J)  (22) 

This  corresponds  to  ag  equivalent  cut-off  frequen¬ 
cy  of  the  order  of  10  Hz. 

Experimental  results 

Regular  AT  cut  5th  overtone  5  MHz  resonators 
were  submitted  to  temperature  cyclings  by  using  a 
temperature  controlled  oven,  the  schematic  dia¬ 
gram  of  which  is  represented  on  fig.  2.  Two  reso¬ 
nators  are  in  the  oven.  One  is  the  resonator  under 
test,  the  other  one  is  an  LC  cut  unit  with  high 
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temperature  sensitivity  used  as  temperature  probe. 
Each  of  these  resonators  drives  an  oscillator  (at 
5  MHz  and  28  MHz  respectively) ,  the  frequency  of 
which  is  measured  on  a  counter  through  an  electro¬ 
nic  switch.  A  computer  drives  the  oven  by  compa¬ 
ring  the  measured  temperature  with  a  reference  tem¬ 
perature.  This  temperature  follows  a  variation  law 
given  by  a  program  included  in  the  computer.  Sinu¬ 
soidal  temperature  cyclings  can  be  realized  bet¬ 
ween  30°C  and  +I20°C  with  a  basic  accuracy  of 
O.OOI°C. 

Fig.  3a  shows  the  experimental  curves  obtai¬ 
ned  by  sweeping  temperature  over  a  large  scale 
(from  5°C  to  +65°C  about  30°C)  -  curve  I  :  static 
f-T  characteristic  -  curve  2  :  sweep  frequency 
of  2.3  x  10  Hz.  Fig.  3b  presents  the  correspon¬ 
ding  theoretical, curves  obtained  by  using  a  a  va¬ 
lue  of  1.3  x  10  s/°C.  The  model  fits  with  the 

experimental  data  even  for  very  large  temperature 
fluctuations. 

On  fig.  4a  and  4b  are  presented  the  same  ty¬ 
pes  of  experimental  and  theoretical  f-T  curves  for 
temperature  cyclings  betwwen  61 °C  and  69°C  about 
the  turn-over  point  located  at  65°C. 

Fig.  5a  and  5b  present  temperature  cyclings 
of  the  same  amplitude  as  on  fig.  4a  and  4b  but 
centered  at  the  left  hand  side  of  the  turn-over 
point,  at  27°C. 

Temperature  cyclings  with  a  very  small  ampli¬ 
tude  (±  0.05°C)  about  the  turn-over  point  (65°C) 
are  shown  on  fig.  6a  and  6b.  It  can  be  observed 
the  model  is  convenient  whatever  the  temperature 
variation  amplitudes  are,  large  or  small. 

The  same  measurements  and  simulations  were 
performed  with  an  SC  cut  -3rd  overtone-  5  MHz  re¬ 
sonator  as  shown  on  fig.  7a  and  7b.  The  tempera¬ 
ture  range  was  ±  4°C  about  the  turn-over  point  at 
60°Ci7For  the  SC  cut  the  a  coefficient  is  equal  to 
3.10  y  s/°C  and  is  about  50  times  lower  than  for 
the  AT  cut,  with  an  inverse  sign. 

Thermal  perturbation  in  quartz  oscillators 

The  previous  measurements  were  performed  for 
slow  temperature  variations  (frequencies  of  the 
order  of  a  few  10  Hz)  and  therefore  the  tempera¬ 
ture  on  the  crystal  boundaries  can  be  considered 
to  be  similar  to  the  external  temperature.  But  for 
faster  variations  the  diffusion  in  the  connecting 
wires  are  to  be  taken  into  account.  This  is  equi¬ 
valent  to  a  low  pass  filter,  therefore  when  loo¬ 
king  at  Fourier  frequencies  within  the  linewidth 
of  this  equivalent  filter  the  temperature  fluctua¬ 
tions  arc  not  modified,  but  outside  the  linewidth 
those  fluctuations  are  integrated.  Thus  there  are 
two  effects  :  an  integration  effect  due  to  the 
connections  followed  by  a  derivation  effect  due  to 
the  crystal  itself. 

Therefore  the  frequency  fluctuations  can  be 
directly  proportionnal  to  the  external  temperature 
fluctuations  but  with  a  different  sign,  a  being 
negative  for  AT  cut.  This  is  illustrated  by  fig.  8 


where  frequency  and  temperature  fluctuations  of  an 
oscillator  using  AT  cut  resonator  simultaneously 
were  recorded. 

Frequency  control  in  quartz  oscillators  is 
mainly  limited  by  the  dynamic  thermal  behavior  ^f 
the  resonator,  caracterized Jiy  the  coefficient  a 
which  is  of  the  order  of  10  “C/s^for  AT  cut 
resonators  and  a  few  parts  in  10  °C/s  for  SC  cut 
resonates.  To  achieve  a  frequency  stability  of 
1  x  10  it  is  necessary  to  control  tgmperature 
fluctuations  at  a  level  lower  than  10  °C/s  if  an 
AT  cut  resonator  is  used.  Variations  as  small  as 
0.01  u°C/s  or  1  m°C/100s  are  not  easy  to  control 
and  this  needs  a  very  accurate  thermostat,  and 
also  thermal  filters  around  the  crystal,  and  ther¬ 
mal  shunts  between  the  inner  part  of  the  oven  and 
the  external  medium.  Both  problems  can  be  splited  : 

accurate  temperature  control  mainly  is  a  problem 
of  temperature  sensor  and  servo  system  electronics; 

thermal  filter  is  a  problem  of  oven  configura¬ 
tion  and  material  choice.  A  solution  can  be  propo¬ 
sed  for  the  first  one.  A  quartz  resonator  with  a 
high  Irst  order  temperature  coefficient  is  used  as 
temperature  sensor  and  is  strongly  coupled  with 
the  second  resonator.  After  several  steps  of  fre¬ 
quency  multiplication  and  mixing,  for  increasing 
the  sensitivity,  the  frequency  representative  of 
temperature  is  compared  to  a  stable  5  MHz  refe¬ 
rence  frequency  and  the  difference  is  calculated 
by  a  microprocessor  which  drives  the  oven  heater. 
All  the  adequate  corrections  for  the  servo  loop 
can  be  included  in  the  processor  program.  This  is 
a  powerful  possibility  of  such  a  system.  Fig.  9 
shows  temperature  stability  over  several  days 
obtained  by  following  this  principle.  It  is  impor¬ 
tant  to  remark  that  the  oven  itself  was  just  an 
aluminum  cylinder  containing  a  copper  block  with 
both  resonators,  but  without  any  thermal  shunt. 
Therefore  the  thermal  conditions  were  not  the  best 
ones.  The  mean  stability  per  day  is  of  the  order 
of  0.000I°C  and  corresponds  to  the  actual  frequen¬ 
cy  resolution  of  this  system,  which  can  still  be 
improved.  It  does  not  seem  to  be  unreasonable  to 
expect  temperature  stability  as  good  as  lOu  °C  at 
short  term  as  well  as  at  long  term  with  a  single 
oven  thermostat. 
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Fig.  3a  :  Experimental  sinusoidal  temperature  cycling 
curve  1  :  static  f-T  behavior  ^ 
curve  2  :  sweep  frequency  :  2.3  10  Hz 
curve  3  :  4.6  10-^  Hz 
temperature  range  AT  =  ±  35°C  about  30°C 


Fig.  3b  :  Theoretical  curves 

ao  =  -8.2  lO'Vc  ;  bQ  =  -1.7  lo"Vc2 

c  =  iO-'Vc2  ;  a  »-l.3  lO-5  s/°C 


Fig.  2  :  Schematic  diagram  of  the  temperature  controlled  oven 
used  for  temperature  cyclings 
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AT  cut  5ch  overtone 


.  6a  :  Experimental  sinusoidal  temperature  cycling 

curve  1  :  static  f-T  behavior 
curve  2  :  5.5  I0-^  Hz  ;  curve  3  :  1.6  10  Hz 
temperature  range  AT  =  ±  O.05°C  about  the 
turn-over  point  at  65°C. 
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Fig.  7a  :  Experimental  sinusoidal  temperature  cycling 


a  «  -8.2  lO'Vc  ;  b  -  -1.7  lO'Vc2 

I  o  o 

I  c  =  I0-10  /°03  ;  3i  =  -1.3  I0'5  s/°C 


curve  1  :  static  f-T  behavior 
curve  2  :  9.1  lO-4  Hz  ;  curve  3  :  1.8  I0~3  Hz 
temperature  range  t  6“C  about  the  turn-over  point  at  60°( 


ao  =  6.6  lo'Vc  ;  bQ  =  -1.2  I0_8/°C2 

cq  =  6  IO-"/°C3  ;  a  =  3.  I0-7  s/°C 


T(°C) 


Fig.  8  :  Frequency  and  Temperature  fluctuations 
of  a  5  MHz  AT  cut  oscillator 


^Temperature 


pi’  Thermostat 


Fig.  9  :  Temperature  stability  of  a  digital  thermostat 
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Summary 

We  have  developed  a  new  quartz  tuning 
fork  cut  at  new  angles,  which  are  designated  M- 
cuts  (Ml-,  M2-,  M3-  and  M^cuts).  The  resonant 
frequency  of  this  quartz  tuning  fork  does  not 
change  by  about  one  part  in  a  million  over  a  70- 
degree  centigrade  range  of  temperature.  This 
quartz  tuning  fork  obtains  its  very  excellent 
frequency-temperature  characteristics  from  the 
fact  that  both  the  1st-  and  2nd-  order  temperature 
coefficients  are  zero.  The  frequency- 
temperature  characteristics  of  this  new  quartz 
tuning  fork  is  comparable  to  that  of  the  AT-cut  or 
GT-cut  resonators. 


Introduction 

Today  quartz  resonators  used  in  watches 
are  mainly  5°X-cut  quartz  tuning  forks,  which 
feature  a  variety  of  advantages  in  watch 
application.  However,  the  ever  increasing 
demand  for  higher  accuracy  of  the  watch  has 
required  us  to  find  ways  to  improve  the  frequency- 
temperature  characteristics  of  the  quartz  tuning 
fork. 

The  ways  so  far  devised  for  improved 
frequency-temperature  characteristics  of  the 
rosonators  are  as  follows  : 

1.  Compensation  of  temperature  characteristics 
by  means  of  a  temperature  sensor  (barium 
titanate  capacitor,  thermistor) 

2.  Compensation  of  temperature  characteristics 
by  means  of  additional  quartz  resonators. 

3.  Use  of  a  quartz  resonator  (AT-cut  orGT-cut 
crystal  resonator)  with  good  temperature 
characteristics. 

These  methods,  however,  are  no  exception 
in  having  their  own  drawbacks.  We  have  thus 


started  out  from  a  completely  innovative 
viewpoint  and  successfully  developed  a  new 
version  of  quartz  tuning  fork  with  very  excellent 
temperature  characteristics  and  with  every 
advantage  of  current  tuning  fork  type  quartz 
crystal  resonators. 

Our  attempt  to  improve  the  frequency- 
temperature  characteristics  of  a  flexural  mode 
consists  of  taking  into  account  the  coupling  with 
a  torsional  mode.  We  have  studied  the  resonant 
frequency-temperature  characteristics  of  a 
coupled  flexural  mode  with  a  torsional  mode  in  a 
quartz  tuning  fork. 

Analysis 

Influence  of  coupling 

First  of  all,  we  are  concerned  with  how 
to  improve  the  frequency-temperature 
characteristics  by  means  of  coupling  between 
modes.  Let  us  now  analyze  the  frequency- 
temperature  characteristics  of  a  flexural  mode  of 
vibration  without  coupling  with  other  modes.  The 
resonant  frequency  f(T)  of  the  flexural  mode  at  a 
given  temperature  can  be  expressed  with  the  room 
temperature  (20<>C)  as  the  reference  temperature 
as 

f(T);f(20)(l  +  a(T-20)+(l(T-20)2+r(T-20)3  )  (1) 

where  a  :  lst-order  temperature  coefficient 

f)  :  2nd-order  temperature  coefficient 
r  :  3rd-order  temperature  coefficient 
T  :  temperature. 

On  the  other  hand,  the  resonant  frequency  f(T) 
of  the  flexural  mode  at  a  given  temperature  T(°C) 
can  be  expanded  approximately  around  the 
turnover  temperature  Tp(°C)  as  the  followings  : 

f(T)=f(Tp)(  l+0(T-Tp)2+r(T-Tp)3  )  (2) 

where  (3  :  2nd-order  temperature  coefficient 

r  :  3rd-order  temperature  coefficient 
Tp  :  turnover  temperature. 
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In  Fig.  10,  the  broken  line  shows  0  in  Eq.  (2) 
plotted  against  the  angle  <p  of  cut  in  Fig.  3.  These 
values  are  obtained  by  solving  two  dimentional 
vibrational  equations  for  a  flexural  beam^.  In  this 
figure,  we  know  f3  =0  as  the  angles  (p  =-3(deg. ) 
and  4>  =  17(deg, ).  In  these  conditions  the  values 
of  Tp  are  negative.  Hence,  we  predicted  that  we 
could  obtain  a  quartz  tuning  fork  with  (5  vanishing 
at  the  room  temperature  if  we  made  Tp  to  be  the 
room  temperature.  Making  Tp  to  be  the  room 
temperature(20°C)  means  that  a  =0  in  Eq.  (1). 

The  value  of  a  may  be  primarily  influenced  by 
coupling  between  modes.  The  value  of  13  may  be, 
therefore,  a  little  changed  when  Tp  is  changed, 
i.  e.  a  is  changed,  by  coupling  between  modes. 
Hence,  it  is  considered  that  the  curve  of  13  at  Tp 
is  similar  to  the  curve  of  the  broken  line  in  Fig. 

10  when  Tp  is  changed  to  be  the  room  temperature 
by  coupling  between  modes.  Taking  the  coupling 
between  modes  into  consideretion,  the  curve  of 
(3  at  20°C  of  the  coupled  flexural  mode  has  been 
exactly  calculated  by  using  the  computer  program 
of  the  finite  element  method  called  NASTRAN. 

This  calculational  procedure  is  mentioned  later 
in  the  appendix. 

As  mentioned  above,  we  have  attempted  to 
make  both  the  values  of  a  and  13  to  vanish  at  the 
room  temperature  by  elastically  coupling  the 
flexural  mode  of  vibration  with  a  torsional  mode. 

Investigation  of  new  angles  of  cut 

We  contemplated  coupling  elastically  the 
main  mode  of  vibration  with  another  in  order  to 
improve  the  frequency-temperature 
characteristics  of  the  conventional  quartz  tuning 
fork  as  mentioned  above^. 

Our  attention  was  paid  to  the  flexural 
and  torsional  modes  of  vibration  from  among  the 
various  modes  of  vibration  inherent  in  the  tuning 

fork  type  quartz  rosonator.  Fig.  5  shows 
frequency  spectrum  of  a  quartz  tuning  fork  of 
d=  1340(pm)  and  l  =  3675(pm)  (Fig.  2),  computed 
by  means  of  the  program  at  the  temperature  of 
20'C  referred  in  the  appendix.  In  Fig.  5,  F()  is 
the  flexural  vibration  which  has  been  used 
conventionally  and  To  the  torsional  vibration  of 
the  tuning  fork  tine.  Fig.  6  and  Fig.  7  show 
respectively  the  displacement  of  the  Fo  mode 
and  Tq  mode  of  vibration.  The  displacement  in 
these  figures  represent  those  on  the  line  AB  on 
the  mid-plane  of  the  quartz  resonator  as 
illustrated  below  each  figure.  Ux  is  the 
displacement  in  the  X  direction  and  U-p  the 
torsional  displacement  about  the  Y-axis(the  line 
AB).  The  appearance  of  vibrational  displacement 
distribution  as  viewed  from  the  top  of  the  quartz 
tuning  fork  is  also  shown  with  each  figure.  The 


To  mode  is  the  torsional  vibration  whose  twist 
directions  are  opposite  each  other  for  the  right 
and  left  tines  of  the  tuning  fork. 

In  Fig.  5,  the  To  mode,  as  it  gets  closer 
to  the  Fo  mode,  will  affect  the  Fo  mode.  This 
effect  may  be  evident  in  frequency  spectrum  of 
Fig.  5,  where  increasing  the  thickness  t  from  a 
lower  level  up  toward  tG  will  result  in  the  Fo  mode 
frequency  gradually  rising  and  finally  reaching  the 
To  mode.  Now  let  us  define 

Sf=fF-fT  (3) 

where  fjr  is  the  Fo  mode  frequency,  and  fj  the  To 
mode  frequency.  This  expression  suggests  that 
the  maximum  coupling  between  the  two  modes 
of  vibration  occures  when  the  frequencies  fp  and 
fx  are  the  closest  to  each  other,  that  is,  when  Sf 
is  minimum.  It  takes  place  when  the  thickness  t 
in  Fig.  5  is  t0.  How  far  the  two  modes  of 
vibration  can  couple  with  each  other  may  be 
determined  by  the  frequency  difference  £f0  at 
this  thickness  of  maximum  coupling.  When  the 
two  vibrations  do  not  couple  but  degenerate  to 
have  the  same  frequency,  then  Sfo=0.  The 
extent  to  which  the  two  modes  couple  with  each 
other  can  be  estimated  by  Sf  or  the  thickness  t. 

Let  us  now  analyze  how  the  frequency- 
temperature  characteristics  of  the  Fo  mode  of 
vibration  is  affected  by  its  coupling  with  the  To 
mode  of  vibration.  If  the  angles  <p  ,0  ,  (p  of 
cut  in  Fig.  3  are  given,  the  frequency-temperature 
characteristics  of  a  quartz  tunig  fork  can  be 
generally  shown  in  a  parabolic  curve  with  its 
convex  facing  upward,  which  takes  the  form  of 
curve  (A)  in  Fig.  8.  With  the  thickness  t  of  this 
resonator  increased  toward  t0,  the  curve  (A)  will 
change  to  be  the  curve  (B).  For  the  curve  (B),  a 
is  zero  in  the  equation  (1),  meaning  the  turnover 
temperature  is  20(°C).  Therefore  a  can  be 
easily  changed  by  the  coupling  of  two  vibrations. 
This  process  can  be  computed  in  detail  using  the 
NASTRAN  program  mentioned  in  the  appendix. 
Values  of  fp,  which  can  be  calculated  for  given 
angles  of  cut,  form  (shape  or  dimension)  and 
temperature,  were  first  computed  for  several 
temperatures,  and  then  the  temperature 
coefficients  of  coupled  fp  in  the  expression  (1) 
were  derived  by  means  of  the  least  square 
method.  Fig.  9  shows  the  temperature 
coefficients  for  the  angles  =-11,  9  =0  and 
=0,  while  the  curve  (A)  and  the  curve  (B) 
in  Fig.  8  represent  the  temperature 
characteristics  for  thickness  t  less  than  88(um) 
and  thickness  t=88(um)  respectively.  Fig.  9, 
accordingly,  shows  the  relationship  between 
a  and  (3  for  these  thicknesses  t,  where  t0pt= 
88(um). 
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In  Fig.  10  ti.e  solid  line  shows  13  values 
plotted  against  the  angle  where  the  thickness 
t  was  controlled  so  as  to  constantly  produce  a  =0, 
It  is  predicted  from  Fig.  10  that  (3  =0,  in 
addition  to  a  =0,  in  the  vicinity  of  <p  =-10°  and 
<p  =25°  (named  Mj-cutand  M2*cut  respectively). 
For  these  new  angles  of  cut,  therefore,  the 
frequency-temperature  characteristics  of  the 
quartz  tuning  fork  depend  only  on  r  in  the 
expression  (1)  and  are  given  in  a  cubic  curve. 

The  frequency-temperature  characteristics  thus 
predicted  of  Mi -cut  are  shown  in  Fig.  11.  They 
can  favourably  compare  with  the  excellent 
characteristics  of  the  well-known  AT -cut  quartz 
oscillator. 

The  above  discussion  only  deals  with  the 
quartz  tuning  fork  rotated  by<£  about  the  x-axis 
(See  Fig.  3. ).  But  the  same  analysis  in  applicable 
to  the  tuning  fork  rotated  by  9  about  the  y-axis. 
Fig.  12  shows  the  result  of  such  analysis,  which 
allows  us  to  predict  the  presence  of  new  angles  of 
cut  where  a  =  (3  =0  for  certain  9  's  (for 
negative  9  named  M3*cut  and  for  positive  9  M4- 
cut).  In  this  figure  the  broken  line  shows  the 
values  of  (3  at  Tp  without  coupling  and  the  solid 
line  shows  the  values  of  (3  at  20°C  of  coupled  fp. 

Experimental 


The  solid  line  in  the  figure  represents  the  result 
of  computation  with  NASTRAN  (Fig.  10),  indicating 
an  excellent  agreement  between  the  results  of 
calculation  and  experiment.  Thus,  when  the  angle 
<P  is  in  the  vicinity  of  -1C°,  we  get  0  =0  and 
13  =0.  Measurements  of  frequency-temperature 
characteristics  of  Mj-cut  under  the  above 
conditions  are  shown  in  Fig.  18.  Thus,  quite  an 
innovative  quartz  tuning  fork  was  developed  which 
has  cubic  temperature  characteristics.  Fig.  19 
shows  the  new  quartz  tuning  fork  with  a  very  low 
temperature  coefficient. 

Characteristics 

We  have  successfully  developed  a  new 
quartz  tuning  fork  which  features  the  following 
advantages  over  the  conventional  quartz 
resonators  : 

(1)  Excellent  frequency-temperature 
characteristics 

The  resonant  frequency  does  not  change  by 
about  one  part  in  a  million  over  a  70-degree 
centigrade  range  of  temperature,  because 
both  the  1st  and  2nd  derivatives  of  the 
frequency  by  the  temperature  are  zero. 

(2)  Low  power  consumption 


We  produced  actually  the  quartz  tuning 
fork  predicted  by  the  calculation  described  above. 
The  angle  <p  of  cut  was  about  -10°  (Mi-cut)  as 
predicted  in  the  analysis  whereas  the  external 
dimensions  were  the  same  as  those  used  in  the 
above-mentioned  calculation.  The  shape  and 
electrode  pattern  were  formed  by  the  photo¬ 
lithographic  process^.  Fig.  13  and  Fig.  14  show 
respectively  the  Fq  mode  and  the  To  mode  of 
vibration  observed  and  confirmed  by  laser- 
holography.  These  vibrational  displacement 
distributions  are  both  in  a  good  agreement 
with  the  results  of  computation  with  NASTRAN 
shown  in  Figs.  6  and  7. 

Fig.  15  shows  the  temperature 
characteristics  of  fp  for  the  angle  =-9.  5(deg. ). 
When  o'f=4.  4  (kHz),  a  is  negative  and  therefore 
the  turnover  temperature  is  lower  than  the  room 
temperature.  But  when  8f  is  decreased  to  be 
3.  3  (kHz),  the  turnover  temperature  is  higher 
than  the  room  temperature.  Fig.  16  shows  the 
change  in  the  frequency-temperature 
characteristics  represented  by  Q  and  0  in  the 
expression  (1).  The  abscissa  stands  for  Sf, 
which  can  be  converted  into  t  by  using  Fig.  5. 
When  6f=4  (kHz),  Q  =0. 

We  made  experiments  with  varying  angles 
of  ^  ,  thickness,  and  therefore  8f.  Fig.  17 
shows  13  values  plotted  against^5  when  Q  =0. 


This  quartz  resonator  can  be  designed  to  have 
any  resonant  frequency  in  the  range  of  50  kHz 
to  200  kHz.  The  quartz  tuning  fork  with  a 
lower  frequency,  especially,  is  desirable  for 
portable  time  standard  equipments,  for  which 
the  power  consumption  is  to  be  lowered. 

(3)  Simplicity 

This  quartz  tuning  fork  does  not  need  any 
additional  temperature  compensating  devices 
or  circuits. 


(4)  I.ow  impedance  and  high  quality  factor 


The  crystal  impedance  is  low  on  account  of 
the  high  efficiency  of  electric  field  with  the 
optimal  electrodes  configuration.  Standard 
specifications  are  as  follows  : 


Oscillation  frequency 
Series  resonance  resistance 
Quality  factor 
Series  capacitance 
Parallel  capacitance 


100  kHz 
10  kA 
20X1 04 
1.0X10-3pF 
l.OpF 


(5)  Miniature  size  and  adaptability  to  mass 
production 


The  lithographic  manufacture  of  this 
resonator  promises  dimensional  precision  as 
well  as  miniaturization.  In  fact,  our 
standard  resonator  is  currently  mounted  in  a 
miniature  case  of  2.  0  mm  in  dia.  and  6.  0  mm 
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in  length.  These  resonators  are  almost 
uniform  in  size  as  they  are  formed 
lithographically,  and  they  are  suited  to  mass 
production  owing  to  batch  treatment. 

(6)  High  resistance  to  shock 

This  resonator  withstands  shocks  of  drops 
well  thanks  to  its  small  size  and  mass. 
Frequency  variation  of  this  resonator  is 
small  when  it  is  dropped  from  a  height  of  one 
meter. 

(7)  Free  from  gravity 

The  resonant  frequency  is  little  affected  by 
gravity  if  the  quartz  tuning  fork  is  designed 
to  have  a  higher  frequency.  Frequency 
deviation  of  the  100  kHz  quartz  tuning  fork 
due  to  gravity  is  one  third  of  the  conventional 
quartz  tuning  fork. 

Conclusions 

We  have  investigated  new  angles  of  cut, 
named  M-cuts  (Mi-,  M2-,  M3-  and  M4-cuts)  and 
successfully  developed  new  quartz  tuning  fork 
with  very  low  temperature  coefficient. 

Based  on  the  knowledge  accumulated 
through  our  analysis  and  experiment  discussed  in 
this  paper,  we  are  making  further  efforts  to 
investigate  the  quartz  tuning  fork  with  more 
advantages  in  every  possible  way. 
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Appendix 

Calculational  procedure 

In  an  effort  to  develop  a  new  quartz  tuning 
fork,  we  used  the  finite  element  method  to 
calculate  the  resonant  frequencies  and  the 
associated  vibrational  modes.  The  computer 
program  used  was  NASTRAN,  and  the  element 
used  was  a  solid  element.  Fig.  1  shows  this  solid 
isoparametric  element.  The  system  of  coordinates 
used  in  the  analysis  is  shown  in  Fig.  3,  where  the 
x-axis,  y-axis  and  z-axis  represent  the  electrical 
axis,  the  mechanical  axis  and  the  optical  axis  of 
quartz  crystal,  respectively.  The  new  coordinate 
system  of  X-axis,  Y-axis  and  Z-axis  was  assumed 
by  rotating  counterclockwise  about  the  x-axis  by<t>  , 
the  y-axis  by  9  ,  the  z-axis  by  in  turn.  The 
X-,  Y-  and  Z-axes  in  Fig.  2  represent  a  new 
coordinate  system  thus  defined. 

In  the  analysis,  the  model  was  assumed  to 
be  anisotropic,  and  the  following  values  relative 
to  the  temperature  after  angular  transformation 
of  axes  were  calculated  using  a  computer*  ■  2.  The 
data  thus  obtained  were  used  then  to  calculate  the 
eigen  values  and  associated  modes  with  NASTRAN. 

At  temperature  T  for  a  new  coordinate 
system  of  (<j>  ,  Q  ,  ),  the  data  are  given  by  the 

following  : 


Elastic  constant  matrix  :  Cij(T) 


Cij(T)=  /c  j  1  C 1 2  — 

—  C,6\ 

\C61  C62-- 

- C66/ 

Density  :  P(T) 

Coordinates  of  each  grid  :  G(k,T) 
T  ;  temperature 


k  ;  node  number 

The  details  on  procedures  of  the  calculation 
and  the  program  will  not  be  discussed  in  this 
paper. 

With  this  method,  we  can  calculate  the 
frequency-temperature  characteristics  of  any 
mode  for  any  shape  or  contour  and  any  orientation 
of  a  quartz  tuning  fork.  For  instance,  we 
computed  the  frequency-temperature 
characteristics  of  a  quartz  tuning  fork  currently 
used  in  a  watch.  The  dimensions  in  Fig.  2  used 
were  :  d=900  (pm),  1=4700  (pm),  t=100  (pm). 

In  Fig.  4  the  broken  line  represents,  as  a 
reference^,  the  temperature  characteristics  for 
the  pure  flexural  vibration  obtained  by  solving 
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f  (KHz) 


approximately  two  dimensional  equations  for  a 
flexural  beam  without  NASTRAN.  Open  circular 
points  represent  experimental  values. 

As  a  result,  we  found  that  the  temperature 
characteristics  of  a  quartz  tuning  fork  could  be 
computed  fairly  accurately  by  means  of  NASTRAN 
through  the  use  of  a  model  as  shown  in  Fig.  2  and 
an  anisotropic  solid  element. 


Fig.l  Solid  isoparametric  element 


Fig. 2  Model  of  a  tuning  fork 


Fig. 5  Frequency  spectrum  of  a  M^-eut  tuning  fork 


Z (Optical) 


£  (DEG.) 


Fig. 4  Turnover  temperature  of  a  current 
tuning  fork  vs.  angles  of  cut 


* — A 

tZZJCZD 

Fig. 6  Displacement  of  Fo  mode(calculated) 
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Fig. 12  2nd -order  temperature  coefficient  vsJ 


!.'  n  ii 
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Fig. 13  Displacement  of  Fo  mode (experimental) 


A  NEW  QUARTZ  CRYSTAL  CUT  FOR  CONTOUR  MODE  RESONATORS 


J.  Hermann  and  C.  Bourgeois 


Centre  Electronique  Horloger  S.A. 
Neuchatel,  Switzerland 


Summary 

A  computer  procedure,  based  on  variatio¬ 
nal  techniques,  has  been  developped  to  determine 
the  frequency,  the  temperature  behavior  and  the 
piezoelectric  coupling  of  rectangular  contour  mode 
resonators  of  any  crystallographic  orientation. 

This  program  has  been  instrumental  in  the 
discovery  of  anew  quartz  crystal  cut,  derived  from 
a  Z  cut  plate  by  a  rotation  about  the  Y  axis,  fol¬ 
lowed  by  a  second  rotation  about  the  Z'  axis.  The 
first-order  frequency-temperature  coefficient  of 
rectangular  resonators,  vibrating  in  extension 
along  the  Y1  axis  of  this  new  plate,  is  very  nearly 
independent  of  the  width  to  length  ratio.  For  a  sui¬ 
table  choice  of  this  dimensional  ratio,  the  frequen¬ 
cy-temperature  curve  exhibits  a  cubic  behavior 
with  a  third-order  coefficient  of  about  50x10“12/k3. 
The  metallization  pattern,  which  combines  both 
in-plane  and  out-of-plane  components  of  the  elec¬ 
tric  field,  has  been  devised  so  as  to  mimmize  the 
coupling  to  the  unwanted  modes . 

Introduction 

Since  1937,  when  flight  and  Willard  des¬ 
cribed  the  CT-  and  DT-cut  resonators,  a  great 
deal  of  work  has  been  devoted  to  contour  mode 
resonators.  The  GT-cut,  found  in  1940  by 
W.P.  Mason,  is  an  outstanding  member  of  this 
group,  its  frequency-temperature  behavior  being 
the  best  of  all  known  crystal  resonators.  The  pur¬ 
pose  of  this  paper  is  to  describe  a  new  contour 
mode  resonator  characterized  by  a  good  tempera¬ 
ture  behavior,  but  devoid  of  the  drawback  of  the 
GT-cut  resonator,  namely  its  high  sensitivity  to 
the  width  to  length  ratio. 

It  is  well  known  that  variational  calculus, 
more  precisely  the  Rayleigh-Ritz  techniques,  can 
be  applied  to  approximate  the  normal  modes  of 
elastic  structures.  By  giving  due  consideration  to 
several  programming  details,  it  has  been  possible 
to  refine  this  technique  so  as  to  use  it  for  the  de¬ 
termination  of  the  frequency-temperature  behavior 
of  contour  mode  quartz  resonators.  This  method, 
in  conjunction  with  a  somewhat  arbitrary  search 


procedure,  has  yielded  a  new  quartz  crystal  cut 
suitable  for  width-extensional  resonators. 

Variational  Calculation 
of  the  Frequency-Temperature  Behavior 

EeiNisse  and  Holland^-  2  used  variational 
calculus  to  compute  the  frequencies  of  isotropic 
rectangular  plates  vibrating  in  contour  modes . 
They  expanded  the  displacements  in  a  linear  com¬ 
bination  of  trial  functions,  which  they  chose  to  be 
orthogonal  circular  functions .  One  can  however 
show  that,  for  a  given  number  of  trial  functions,  a 
power  series  expansion  yields  more  exact  frequen¬ 
cies  in  almost  all  cases,  with  the  exception  of  very 
simple  modes.  The  matrices  representing  the 
elastic  and  kinetic  energies  are  then  similar  to 
Hilbert  ma+rices,  so  that  special  techniques  have 
to  be  devised  to  find  the  eigenvalues. 

In  order  to  apply  this  variational  technique 
to  the  determination  of  the  frequency-temperature 
behavior,  one  has  to  compute  the  frequencies  at 
different  temperatures,  taking  into  account  the 
temperature  coefficients  of  all  constants  involved. 
It  is  then  important  to  ensure  that  the  difference 
between  computed  and  exact  frequencies  be  very 
nearly  independent  of  the  reference  temperature. 
This  can  be  achieved  by  memorizing  the  schemes 
used  for  the  various  matrix  operations  at  one 
temperature,  and  by  imposing  these  same  schemes 
at  the  other  temperatures  required  to  determine 
the  frequency-temperature  coefficients.  This  pro¬ 
cedure  precludes  the  use  of  iterative  methods  to 
compute  the  eigenvalues. 

The  temperature  behavior  of  various 
quartz  contour  mode  resonators  has  been  compu¬ 
ted  and  checked  against  published  values.  The 
agreement  is  generally  quite  good,  the  discrepan¬ 
cies  depending  essentially  upon  the  choice  of  the 
temperature  coefficients  of  the  elastic  constants. 

For  the  sake  of  illustration,  the  frequency- 
temperature  behavior  of  GT-cut  resonators  has 
been  determined.  Figure  1  gives  the  first-,  se¬ 
cond-  and  third-order  temperature  coefficients, 
computed  at  25°C,  as  a  function  of  the  width  to 
length  ratio.  The  curves  correspond  to  the 
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extensional  mode  along  the  2'  axis,  which  is  a 
width-extension  in  the  left  part  of  the  figure, 
resp.  a  length- extension  in  the  right  part.  This 
set  of  curves  shows  two  noteworthy  features: 

(i)  For  a  dimensional  ratio  of  about  0.86 
all  three  temperature  coefficients  are 
almost  zero,  yielding  an  extremely  good 
temperature  behavior. 

(ii)  Changing  the  width  to  length  ratio  by  1% 
around  this  value  produces  a  shift  of 
2.5x10-6/K  in  the  first-order  tempe¬ 
rature  coefficient.  This  high  sensitivity 
is  due  to  an  elastic  coupling  between  both 
extensional  modes,  which  is  responsible 
for  the  very  large  variation  of  the  tem¬ 
perature  coefficients  of  a  nearly  square 
plate . 

Search  for  a  New  Quartz  Crystal  Cut 

In  order  to  find  a  resonator  whose  first- 
order  temperature  coefficient  of  frequency  is  in¬ 
dependent  of  the  dimensional  ratio,  a  pure  exten¬ 
sional  mode  has  been  selected.  This  restrictive 
-and  somewhat  arbitrary-  choice  requires  that 
both  elastic  constants  responsible  for  tne  coupling 
with  the  surface  shear  mode,  respectively  with  the 
other  extensional  mode,  be  negligibly  small.  The 
desired  mode  should  then  be  devoid  of  coupling 
effects,  whatever  its  width  to  length  ratio.  A  fur¬ 
ther  condition  is  that  the  first-order  frequency- 
temperature  coefficient  of  the  chosen  mode,  deno¬ 
ted  Tf  (1),  be  zero.  It  turns  out  that  all  three  re¬ 
quirements  can  be  met  by  using  a  2  cut  plate, 
first  rotated  about  the  Y  axis  and  then  about  the 
2'  axis,  as  shown  in  figure  2. 

For  the  selected  mode  to  consist  of  a  pure 
extension  along  the  Y'  axis,  it  is  sufficient  that 
S21  s  0  =  s26  ■  Figure  3  represents  both  loci  in  the 
V  -6  plane.  The  first-order  frequency-tempera- 
ture  coefficient  of  a  hypothetical  crystal,  satisfy¬ 
ing  the  above  conditions  everywhere  in  the  9-6 
plane,  can  be  computed.  The  locus  corresponding 
to  a  zero  of  this  coefficient,  which  is  independent 
of  the  width  to  length  ratio,  is  shown  by  a  dashed 
line  in  the  same  figure.  Two  significant  features 
are  to  be  noted : 

(i)  All  three  curves  intersect  approximately 
at  a  single  point,  which  defines  a  new  cut. 

(ii)  The  curve  Tf(l)=  0  also  passes  through 
that  same  point,  at  which  it  has  the  same 
tangent  as  the  dashed  curve.  This  tangent 
is  approximately  parallel  to  the  8 axis, 
which  means  that  the  first-order  tempe¬ 
rature  coefficient  of  frequency  is  very 
nearly  independent  of  the  rotation  about 
the  normal  of  the  plate.  Consequently 
this  coefficient  is  essentially  controlled 
by  the  substrate  angle  9  . 


The  frequency-temperature  behavior  of 
resonators  corresponding  to  this  new  cut  has  been 
computed  using  the  variational  method  described 
above.  Figure  4  shows  the  first-,  second-  and 
third -order  frequency  temperature  coefficients  of 
the  extensional  mode  along  the  Y'  axis,  computed 
at  25°C,  as  a  function  of  the  width  to  length  ratio. 
To  the  left  of  the  vertical  dashed  line  this  mode 
has  a  higher  frequency  than  the  extensional  mode 
along  the  X1  axis.  This  figure  calls  for  the  follo¬ 
wing  remarks: 

(i)  As  expected  the  first-order  temperature 
coefficient  of  frequency  is  quite  indepen¬ 
dent  of  the  width  to  length  ratio,  and  is 
almost  zero. 

(ii)  Higher  order  temperature  coefficients  do 
show  coupling  effects,  which  are  at  a 
maximum  for  a  width  to  length  ratio  of 
about  0.87.  This  is  due  to  the  tempera¬ 
ture  dependency  of  both  curves  sj>i  =  0 
and  S26  =  0  in  the  0  plane. 

(m)  For  a  dimensional  ratio  of  about  2/3,  the 
first-  and  second-order  temperature 
coefficients  are  both  zero,  which  means 
that  the  frequency-temperature  curve  ex¬ 
hibits  a  cubic  variation.  The  inflection 
point  lies  near  room  temperature, 
and  the  third-order  coefficient  is  about 
50x10-12/K3. 

To  precisely  annul  the  first-order  tempe¬ 
rature  coefficient  of  frequency  requires  a  slight 
increase  in  the  substrate  angle  9 .  The  correspon¬ 
ding  cut  is  then  (2X  wt)  26  l/2°/20°.  It  is  sugges¬ 
ted  that  this  orientation  be  designated  2T-cut,  to 
stress  the  fact  that  it  is  relatively  simply  oriented 
with  respect  to  a  2  cut  plate. 


Properties  of  "2T-cut"  resonators 

The  main  properties  of  a  resonator  desig¬ 
ned  for  use  at  room  temperature  are  the  following: 

orientation.  (2X  wt)  <f/0  with  9-  261/2°  and  0=20° 

mode  of  motion:  width-extension  (see  fig.  5) 

frequency  constant:  2823  kHz  •mm 

dimensional  ratio  :  w/l  =  0.67 

frequency-temperature  curve:  cubic 

inflection  temperature  :  ~  20°C 

*  *  o  or*  (  Tf(l)  <±  0.1x10_6/K 

temp.coeff.at  2o°C:  |  Tf(3)  „  50x1o-1&/k3 


The  following  computed  sensitivities  show 
that  the  first-order  temperature  coefficient  is 
essentially  controlled  by  the  substrate  angle  9  . 
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=  1.9xlO"6/K  •  deg 
-^(1-  =  0.1  to  0.2x10-6/I<  •  deg 
=  o,05  to  O.lxlO-6/K  •% 

Decreasing  the  width  to  length  ratio  to 
0.64  increases  the  inflection  temperature  to  about 
65°C,  whereas  the  third-order  temperature  coef¬ 
ficient  slightly  decreases  to  about  40xl0-12/K3. 


namely:  d21 ,  d22 ,  d26 ,  d3i ,  d32  and  d36 :  it 
assumes  the  crystal  to  be  electrically  isotropic, 
so  that  only  one  dielectric  constant  is  considered. 

Figure  9  represents  the  dimensionless 
quantities  rs  and  rj,  computed  for  a  thickness  to 
width  ratio  of  8%,  as  a  function  of  the  metalliza¬ 
tion  ratio  m/w  .  Also  shown  in  this  figure  is  k2, 
the  square  of  the  electromechanical  coupling  fac¬ 
tor.  It  is  apparent  that  for  a  fully  metallized  plate 
(m  =  w)  the  shear  mode  would  be  the  one  driven  by 
the  oscillator.  The  most  convenient  metallization 
ratio  is  =  0.25,  which  corresponds  to  a  mini¬ 
mum  of  rj  . 


Due  to  coupling  effects  with  the  second 
surface  shear  and  with  the  third  flexure  modes, 
there  exist  a  forbidden  range  for  the  width  to 
length  ratio.  This  range  has  not  yet  been  investi¬ 
gated  experimentally,  so  that  only  theoretical  li¬ 
mits  are  known.  If  these  values  are  correct,  the 
inflection  temperature  cannot  be  chosen  between 
25°C  and  40°C.  This  appears  to  be  the  only  limi¬ 
tation  in  an  otherwise  large  range. 

Piezoelectric  coupling 

The  fact  that  this  new  resonator  uses  a 
doubly  rotated  substrate  implies  that  several 
modes  are  piezoelectrically  coupled.  The  only 
troublesome  modes  are  in  fact  the  fundamental 
surface  shear  and  the  length-extension,  which  are 
shown  in  figures  6  and  7.  In  order  to  ensure  that 
the  right  mode  be  selected  by  a  Pierce  oscillator, 
it  can  be  proved  that  the  following  relation  must 
hold: 

QC  I  >  QC  I 

w  Idesired  mode  uj  | unwanted  modes 

with  Q  :  quality  factor 

C  :  motional  capacitance 

Since  there  is  not  much  one  can  do  to 
lower  the  Q  factors  of  the  unwanted  modes,  it  is 
necessary  to  minimize  the  following  ratios: 
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shear 
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oo 

length-extension 

Q 

OO 

width-extension 

ri"  JL 
00 

width -extension 

This  goal  is  achieved  by  choosing  the 
metallization  pattern  shown  in  figure  8.  which 
combines  both  in-plane  and  out-of-plane  compo¬ 
nents  of  the  electric  field.  The  motional  capaci¬ 
tances  of  the  three  modes  involved  can  be  deter¬ 
mined  by  a  procedure  based  on  conformal  trans¬ 
formations  of  the  cross  section  oi  the  plate.  This 
method  is  quite  similar  to  that  used  for  flexural 
and  tength-extensional  resonators2.  The  compu¬ 
tation  takes  into  account  6  piezoelectric  constants, 


Experimental  results 

Our  experimental  work  has  been  centered 
on  the  realization  of  a  small  size  resonator, 
suitable  for  wrist  watch  applications .  The  moun¬ 
ting  system  consists  of  two  chemically  etched 
wires  soldered  to  the  center  of  the  plate.  The  plate 
thickness  has  been  chosen  so  as  to  avoid  any 
coupling  to  out-of-plane  modes  of  motion.  The 
main  characteristics  of  this  design  are  summari¬ 
zed  as  follows: 

frequency  :  2^Kz  -  1,05  MHz 


crystal  dimensions  : 


thickness:  0.2  mm 
width  :  2.7  mm 

length:  4.0  mm 


quality  factor  :  200  to  300 xlO3 
motional  capacitance :  1 . 2  fF 
inflection  temperature:  20  -  5°C 


third-order  temperature 

coefficient  :  Tf(3)  =  50t  5x  10^/K® 


The  temperature  behavior,  as  well  as  the 
motional  capacitance,  are  in  good  agreement  with 
theoretical  values. 


Conclusions 

The  new  cut  described  in  this  paper  has 
been  found  by  purely  theoretical  means ,  It  is 
suitable  for  width-extensional  resonators  having  a 
cubic  frequency- temperature  behavior,  v/ith  a 
third-order  temperature  coefficient  about  two 
times  lower  than  that  of  an  AT-cut  resonator.  The 
low  sensitivity  of  the  first-order  temperature 
coefficient  of  frequency  to  the  width  to  length  ratio 
eliminates  the  need  for  any  adjustment. 

This  resonator  seems  attractive  for  wrist 
watch  applications,  but  could  be  useful  for  other 
purposes  as  well. 
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Abstract 


A  variational  theory  for  the  three- 
dimensional  analysis  of  small  crystal  resonators 
is  described.  The  theory  is  particularly 
applicable  to  the  latest  designs  of  miniature 
resonators  which  have  a  width  dimension  comparable 
to  the  thickness.  The  method  is  based  on  the 
theory  of  EerNisse  and  Holland  but  uses  a 
particular  choice  of  trial  functions  each  of  which 
is  constrained  to  satisfy  the  differential 
equations.  This  choice  is  shown  to  have  a  number 
of  advantages.  The  full  effects  of  piezoelectric 
coupling  and  the  mass-loading  of  the  electrodes 
are  included  in  the  model.  The  analysis  is 
applied  to  the  AT-cut  bar-type  resonator  elongated 
in  the  Z' -direction  whose  energy-trapping  property 
has  been  unexplained  theoretically.  The  results 
of  plate  equation  analysis  were  used  to  further 
narrow  the  choice  of  trial  functions. 


Introduction 


AT-cut  quartz  plates  have  been  employed  for 
frequency  control  applications  for  many  years. 

More  recently  however,  smaller  bar-type  resonators 
have  been  described.  This  follows  the  general 
trend  towards  miniaturization  of  all  electronic 
components,  and  it  is  confidently  expected  that 
still  smaller  resonator  designs  will  be  proposed. 
Principal  examples  of  the  new  smaller  designs  are 
those  described  by  Onoe1  and  Zumsteg  .  These  are 
both  AT-cut  quartz  bars,  the  former  elongated  in 
the  X-direction  and  the  latter  in  the  Z' -direction 
(see  Fig.  1).  The  Zumsteg  design  is  of  particular 
interest  because  very  good  energy  trapping  is 
achieved  with  modest  metallisation  and  no 
contouring  of  the  crystal  faces.  A  quality  factor 
of  500,000  has  been  reported.  Good  temperature 
stability  is  also  observed.  Current  theory, 
employing  the  plate  theory  of  Mindlin3 
and  an  energy  trapping  theory  analogous  to  that  of 
Shockley**  gives  poor  agreement  with  the  measured 
spatial  distribution  of  energy.  Indeed  the 
exponential  decay  measured  in  the  unmetallised 
region  is  some  A  times  stronger  than  that  predict¬ 
ed.  5  On  the  other  hand  the  eigen-frequencies  are 
accurately  predicted  as  shown  in  Fig.  2. 3  The 
philosophy  of  the  plate  equation  approach  is  that 
of  finding  an  exact  solution  to  a  set  of 
approximate  equations.  The  basis  of  the  approx¬ 
imation  is  that  the  solution  can  be  expanded  in  a 


power  series  in  the  thickness  co-ordinate,  and 
because  the  thickness  is  significantly  smaller  than 
the  other  dimensions  this  series  can  be  truncated, 
usually  alter  the  first  order  term  or  at  worst 
after  the  second  order  term.®  However  if  one  of 
the  other  dimensions  is  comparable  to  the  thick¬ 
ness,  higher  order  terms  could  be  significant.  The 
inclusion  of  such  terms  would  lead  to  a  much  larger 
set  of  somewhat  unwieldy  equations.  Zumsteg 
included  only  first  order  terms5  and  this  is  almost 
certainly  inadequate  for  a  width-to-thickness  ratio 
of  approximately  3.  However,  if  a  solution 
including  higher  order  terms  was  attempted  it  is 
difficult  to  see  how  Shockley's  technique  of 
matching  the  stress  and  displacement  associated 
with  evanescent  and  propagating  modes  in  the 
unmetallised  and  metallised  regions  respectively 
could  be  satisfactorily  applied.  Alternative 
theory  must  be  considered. 

The  method  described  here  is  an  extension  of 
the  variational  solution  due  to  Eernisse  and 
Holland.7  The  loading  effect  of  electrodes  is 
included  in  the  analysis  in  a  more  rigourous  way 
than  in  Shockley's  theory  and  we  may  therefore 
expect  improved  accuracy  for  the  energy  trapping. 
Piezoelectricity  is  included  in  the  analysis  to 
give  a  fully  self-consistent  solution.  This  is  not 
strictly  necessary  for  weakly  piezoelectric 
materials  such  as  quartz,  but  there  is  a  growing 
interest  in  more  strongly  piezoelectric  materials 
for  possible  frequency  control  applications.  The 
model  is  therefore  being  developed  to  include  cases 
where  piezoelectricity  is  a  first-order  rather  than 
second-order  effect. 


Differential  Equations 


Consider  the  arbitarily  shaped  piezoelectric 
body  in  Fig.  3.  Parts  of  the  surface  denoted  by 
Se  are  coated  with  metal  electrodes  but  are  other¬ 
wise  mechanically  free.  Other  parts  denoted  by  Sc 
are  mechanically  clamped  but  electrically  free  and 
the  remaining  surface  area  denoted  by  Sj  is  both 
electrically  and  mechanically  free.  Solutions  are 
required  for  the  electrical  and  mechanical  fields 
when  voltages  sinusoidally  varying  with  time  are 
applied  to  the  electrodes.  The  solution  must 
satisfy  the  following  differential  equations  within 
the  solid, 

T. .  .  -  pu.  «*  0  (Newton's  Law)  (1) 

iJ,J  i 
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and 


0  (Gauss'Law) 


(2) 


* 


V^exp(jut) 


on  S 

e 


(13) 


where  T,  p,  u  and  D  are  respectively  stress, 
density,  particle  displacement  and  electric  flux 
density.  The  normal  tensor  notation  is  used  so 
that  comma  denotes  differentiation  with  respect  to 
spatial  co-ordinates  and  dot  denotes  different¬ 
iation  with  respect  to  time.  Body  forces  are 
assumed  to  be  zero  and  have  been  omitted  from 
equation  (1)  and  free  charge  within  the  solid  has 
similarly  been  omitted  from  equation  (2)  because 
the  solid  is  a  perfect  insulator.  Equations  (1) 
and  (2)  are  coupled  by  the  piezoelectric  equations 
of  state. 


£ 

Tij  =  C  ijklSkl  "  ekijEk 

(3) 

Di  =  eiklSkl  +  s  ikEk 

(4) 

E  s 

where  S,  E,  c  ,  e,  e  are  respectively  strain, 
electric  field,  and  the  stiffness,  piezoelectric 
and  permittivity  tensors  of  the  solid.  In 
addition, 


where  V^expCjut)  is  the  voltage  applied  to  the 


til 

p  electrode,  with  angular  frequency  u.  The 
exponential  time  dependence  exp(jwt)  is  common 
all  field  variables  and  is  omitted  henceforth. 


to 


Variational  formalism 


The  problem  may  be  described  in  terms  of  the 
above  differential  equations  and  boundary 
conditions.  An  alternative  description  is 
possible  using  variational  calculus.  This 
involves  finding  a  Lagrangian  which  is  stationary 
with  respect  to  arbitrary  variations  if  and  only 
if  the  differential  equations  and  boundary 
conditions  are  satisfied.  Eernisse  and  Holland 
have  shown  that  the  appropriate  Lagrangian  is 
(Ref. 7,  p.131) 
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i///(S. .T. .  +  pu.u. 
2,'J  lj  ii  l  i 


D.E.)dV 
l  l 


S. . 
ij 


i  (u . 
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+  u. 
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,i> 


(5) 


and  E. 

l 


(6) 


where  $  is  electric  potential.  Substituting 
equations  (5)  and  (6)  into  (3)  and  (4)  and  hence 
into  (1)  and  (2)  gives  the  differential  equations 
in  their  most  useful  form. 


~p;ij  +  c  ijkiuk,ii  +  ekij*,ki  =  0  (j=1’2>3) 

(7) 


eikluk,li  e  ik^.ki  ® 


(8) 


Boundary  conditions 


Before  describing  the  boundary  conditions 
that  the  above  equations  must  satisfy  a  number  of 
assumptions  are  made.  Firstly  the  electric  field 
outside  the  solid  is  assumed  to  be  negligible. 
Secondly  the  electrodes  are  negligibly  chin  but 
are  assumed  to  have  a  finite  mass  m  per  unit  area, 
and  thirdly  the  electrodes  have  zero  resistance. 
The  unit  outward  normal  at  the  surface  is  denoted 
by  N:.  The  boundary  conditions  are  then  as 
follows. 

u.  *  0  on  S  (9) 

i  c 


.T 
J  : 


-N.T. . 
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N.D. 
J  J 


0  on  S,. 

£ 

mu.  on  S 
l  e 

0  on  S  and  S, 
c  f 


(10) 

(11) 

(12) 


-  // u.N.T..  dA  -E//(4.-V  )N.D.  dA  (14) 

V  l  j  lj  pi'  P  J  i 

c  e 

where  V  is  the  volume  of  the  solid  including  the 
electrodes. 

Now  consider  arbitrary  infinitessimal  first 
variations  6$  and  6u^  to  the  independent  field 
variables  $  and  u..  The  corresponding  variations 
5D£  and  6T^-  to  tfie  dependent  field  variables 
ana  T. .  areJgiven  by  the  equations  (3)  (4)  (5)  and 
(6).  1JUsing  the  divergence  theorem  it  may  be 
shown  that  the  first  variation  of  L  is 
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(15) 


Using  the  assumption  that  the  electrodes  are 
infinitessimally  Chin  but  have  finite  mass  m  per 
unit  area,  it  follows  that  the  only  contribution  to 
the  two  volume  integrals  from  the  electrodes 
reduces  to  a  single  surface  integral, 

//{ u.mu.  dA 

S  1  1 
e 
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then,  «L  =  -ff {6 u.  (j..  .-pu.]dV-///6$D.  .  dV 

-4 u.N.ST..  dA-/ / C<3>— V  )N  SD.  dA 

S  1  1  XJ  S  P  1  J 
c  e 

+//6 u.N.T..  dA  +  //du.(N.T. ,+mu.)dA 
i  J  i]  V  i  J  ij  i 


+//6$ N.D.  dA 


J  J 


(16) 


where  the  two  volume  integrals  are  taken  over  the 

piezoelectric  solid  only.  Inspection  of  each  term 

of  equation  (16)  and  comparison  with  equations  (1) 

(2)  (9)  (10)  (11)  (12)  and  (13)  verifies  that  6L 

vanishes  for  arbitray  variations,  so  the 

Lagrangian  is  indeed  stationary.  This  stationary 

property  is  used  to  obtain  the  solution.  In 

general  the  variational  solution  for  the 

independent  field  variables  is  expanded  in  a  set  of 

trial  functions  f.  with  unknown  amplitudes  A.  . 

m  r  in 


Thus, 
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=  £  A.  f.  (x1,x0,x.)  (i  =  1,2, 3, 4) 
l  n  m  in  12  3 


(17) 


where  $  has  been  rewritten  as  u^,  for  convenience. 
Arbitrary  variations  are  achieved  by  varying  each 


of 


the  A.  in  turn  by  6A.  . 
in  in 


Thus 


6ui  =  5Ain  £in  (V  x2>  x3> 


(18) 


Substitution  of  equations  (17)  and  (18)  into  (16) 
yields  a  system  of  linear  equations, 

«L 

-  =  0  (19) 


which  are  solved  for  the  A.  .  This  general  method 
is  sometimes  referred  to  as  the  Rayleigh-Ritz 
technique . 


Choice  of  trial  functions 

Eernisse  and  Holland  chose  for  their  trial 
functions  Fourier  expansions  in  the  spatial 
coordinates.  Others  have  used  more  sophisticated 
trial  functions  which  obey  the  differential  g 
equations  and  some  of  the  boundary  conditions. 

In  this  work  trial  functions  obeying  only  the 
differential  equations  but  none  of  the  boundary 
conditions  are  used.  This  form  of  trial  solution 
has  certain  advantages  over  the  simple  Fourier 
expansions  but  the  extra  sophistication  of 
satisfying  boundary  conditions  has  been  rejected 
for  three  reasons.  Firstly  finding  each  such  trial 
solution  may  be  a  lengthy  computing  exercise  in  its 
own  right,  secondly  such  solutions  may  be  too 
restrictive  because  the  model  is  to  be  applicable 
to  a  variety  of  geometries  involving  inhomogeneous 


boundary  conditions  due  to  partial  metallisation 
of  surfaces,  and  thirdly  there  are  doubts  about 
the  completeness  of  such  sets  of  solutions. 

Here  the  solutions  are  expanded  in 
Fourier  series  in  two  spatial  coordinates  say  x^ 
and  Xj.  Thus  making  no  assumptions  concerning 
the  symmetry  of  the  solution, 

ui  =  ^ir^  sin(kirxi)sin(k3rx3^  fr^^x2^ 

+Ai?  sii.(klrx1)cos(k3rx3)  f<2U2) 

+A^cos(klrx1)sin(k3rx3)fr^  (x?) 


+Air^cos(klrx1)cos(k3rx3)fj/^(x2)]  (20) 


The  functions  f  (x2)  must  be  chosen  so  that 
equation  (20)  satisfies  the  differential  equations 
(7)  and  (8) .  k^r  and  k3r  are  the  spatial 
harmonic  wave  numbers  in  the  x^  and  x2  directions 
which  are  defined  in  detail  later.  Equation  (20) 
may  be  written  much  more  concisely  in  complex 
form.  Thus 

ui  =  £Air  exp(jklrxl  +  jk3rx3*'W  (21) 


where  kjf  and  k„  take  both  positive  and  negative 
values  and  the  A^r  are  in  general  complex.  It  is 
now  assumed  that1 

fr(x2)  =  exp(jk2x2)  (22) 


so  that  values  of  k2  which  satisfy  the 
differential  equations  must  be  found.  Substitut¬ 
ing  equation  (22)  into  equations  (7)  and  (8) 
yields 


H..A. 
ji  lr 
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(23) 
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(24) 


For  a  non-trivial  solution  to  equation  (23) 

|Hj.|  =  0  (25) 

In  general  the  determinant  of  H  is  an  eighth  order 
polynomial  in  k2>  Thus 
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where  D.=  2  2 

1  k=l  j=0 
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and  where  the  constants  G.  ..  are  piezoelectrically 
generalised  Christoffel  constants  of  the  solid. 
There  are  therefore  eight  possible  values  of  k„ 
for  each  choice  of  w,  k^  ,  k-  which  are  readily 
obtained  by  solving  equation  (26) .  for  each 
value  of  k2  there  is  a  corresponding  solution  to 
equation  (23)  for  the  ratio  A.  /A^r  (=a.  say)  so 
equation  (21)  may  now  be  rewritten  l" 

ui  =  ptait  e*p(jk1);x1)  (i  =  1,2, 3,4)  (28) 


The  advantages  of  finding  trial  solutions 
that  obey  the  differential  equations  are  now 
apparent.  Firstly,  the  volume  integrals  vanish 
identically.  Secondly,  the  number  of  unknown 
variational  parameters  Bc  nas  been  reduced  by  a 
factor  of  4  because  there  is  a  fixed  relationship 
between  u^,  U2,  U3  and  cj>  for  each  t.  Thirdly,  at 
most  8  values  of  £3  are  required  for  a  complete 
expansion  in  the  X2  direction.  And  finally  rapid 
convergence  can  be  expected  because  part  of  the 
problem  has  been  solved  before  the  variational 
technique  is  employed.  One  disadvantage  is  that 
the  trial  functions  must  be  computed  at  each 
frequency,  unlike  the  frequency  independent 
functions  used  by  Eernisse  and  Holland.  Therefore, 
although  fewer  functions  will  in  general  be 
required  for  a  given  accuracy  the  computations 
may  be  more  time-consuming. 


where  the  Bt  are  the  unknown  amplitudes,  the  term 
in  the  brackets  is  summed  over  1  =  1,  2  and  3,  and 
the  summation  over  t  includes  all  eight  possible 
values  of  k2t  'for  each  choice  of  kj^  and  kq,.. 
Because  the  trial  function  in  equation  (28)  is  an 
exact  solution  of  equations  (7)  and  (8)  the  first 
two  integrals  in  equation  (16)  vanish.  Further¬ 
more  since  the  variational  parameters  Bt  are 
complex,  complex  variations  are  possible,  and 
equation  (16)  can  be  written 


<$L  =  -//u.N.6T.  .*dA  -  //(6-V  )N.6D*.  dA 
gtJ^O  g  PJJ 

c  e 


Application  of  analysis  to 
_ Zumsteg  resonator 

The  above  analysis  is  completely  general. 

It  will  now  be  applied  to  the  particular  bar-type 
resonator  described  by  Zumsteg. 2>^  This  is  shown 
in  Fig.  1.  Measurements  of  the  distribution  of 
vibration  amplitude  were  reported  for  a  resonator 
with  dimensions  =  1.25  mm,  L2  =  0.4  mm 
L3  =  10  mm  and  W  =  3  mm  and  with  a  metallisation 
of  2350  8  gold  equivalent.  The  solution  is  here 
expanded  in  a  Fourier  series  in  the  length  or 
X3 -direction.  Thus  k3r  takes  the  2N  values 


(N  jTi  j  +mu\ )  dA 
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It  remains  to  substitute  equation  (28)  and  the 
variation  6u.  “  6Btajt  exp(jk1(.x..)  for  all  values 
of  t  into  equation  (29)  to  give  the  linear 
equations  in  Bt.  These  will  in  general  have  the 
form 

R 

2  wrtBt  a  ur  <r  &  1”T)  (30) 

tnl  ’ 


(31) 

The  solution  could  also  be  expanded  in  a  complete 
Fourier  series  in  the  width  or  x,  direction,  but 
using  the  results  of  Mindlin’s  tneory3  for  AT- 
plates  of  finite  width  it  is  possible  to  be  more 
selective  in  the  choice  of  values  for  kj_.  These 
results,  illustrated  in  Fig.  2  suggest  that  the 
operating  mode  is  thickness  shear  coupled  to 
flexure.  The  flexure  is  essentially  forced  by  the 
thickness  shear  through  coupling  at  the  width 
faces.  The  fundamental  frequency  of  the  shear 
mode  for  an  infinite  plate 


where  yrC,ur  arc  comPlex*  The  integrations  in  the 
evaluation  of  u  and  ur  can  be  made  particularly 
simple  by  rotating  the  concise  expressions  in 
equation  (28)  to  new  sots  of  coordinate  axes  for 
each  crystal  face,  such  that  one  of  the  new  axes 
is  normal  to  that  face  and  one  or  both  of  the 
other  axes  are  aligned  with  crystal  edges.  To 
find  the  short  circuit  resonant  frequencies  the 
applied  voltages  Vp  are  set  equal  to  zero  which 
makes  the  column  vector  ur  zero.  The  resonances 
are  then  given  by  the  zeros  of  the  determinant  of 

"rf 


is  4.13  MHz.  The  operating  frequency  f  is 
measured  at  4.2  MHz.-*  Fig.  2  shows  clearly  that 
for  a  width/thickness  ratio  of  3.125  the  ratio 
f/f0  can  only  be  close  to  unity  for  4th  harmonic 
flexure  (i.e.  m  =  4).  Although  the  mode  of 
interest  is  trapped  in  the  Xj-direction  whereas 
Mindlin's  theory  gives  solutions  independent  of 
Xj,  it  is  reasonable  to  assume  that  the  mode 
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remains  essentially  thickness  shear  coupled  to  4t'.. 
harmonic  flexure.  For  the  purpose  of  this 
calculation  it  is  assumed  that  the  width  to 
thickness  ratio  is  equal  to  3.2.  Then  from  Ref.  3 
k^r  takes  only  the  values. 


lr 


0, 


(32) 


Other  width  to  thickness  ratios  would  require 
different  values.  The  trial  functions  given  by 
k^  c  0  (i.e.  those  independent  of  x^)  are 
essentially  thickness  shear.  Bearing  in  mind  that 
there  are  8  values  of  k2r  for  each  combination  of 
kir,  kjj.  there  is  a  total  of  3  x  8  x  2N  (=48N) 
independent  trial  functions. 

The  limited  choice  of  harmonic  components  in 
equation  (32)  calls  for  a  modification  to  the 
theory.  The  integral  over  the  faces  at  x^=iLj/2 
vanishes  identically  for  all  solutions  (i.e.  not 
if  and  only  if  the  boundary  conditions  are 
satisfied),  because  the  contributions  are  equal 
and  opposite.  This  modification  which  is  based  on 
the  Mindlin  theory  will  not  be  described  in  detail 
here. 


A  number  of  calculations  have  been  made  for 
the  above  resonator  dimensions,  using  the  quartz 
data  published  by  Bechmann.*0  The  value  of  N  was 
3  which  gives  144  terms  in  the  expansion.  The 
resonant  frequency  is  found  to  be  4.15  MHz 
compared  to  the  measured  value  of  4.2  MHz.^  The 
displacement  associated  with  the  resonant  mode  is 
illustrated  in  Figs.  4  and  5.  Fig.  4  shows  the 
predicted  vibration  pattern  in  planes  normal  to 
X3  at  X3  °  0,  +3L3/2O  and  ±1,3/2.  These  confirm 
that  the  mode  type  is  thickness  shear  coupled  to 
flexure.  Fig.  5  shows  the  predicted  vibration 
pattern  in  planes  normal  to  X3  at  X3  =  0,  ±1,3/8 
and  ±1,3/4.  The  pattern  is  periodic  in  x,, 
repeating  itself  at  intervals  cf  1,3/2.  The 
strong  attenuation  of  the  displacement  amplitude 
in  the  X3~direction  is  clearly  shown  in  both  sets 
of  diagrams.  Normallised  displacement  Ug  at  cue 
surface  X2  =  L2/2  is  shown  as  a  function  of  X3  in 
Fig.  6(c).  The  value  of  N  was  increased  to  4  for 
the  field  calculations  at  the  resonant  frequency. 
The  small  ripple  is  a  consequence  of  taking  a 
finite  number  of  terms  in  the  expansion  in  X3. 

The  variational  solution  is  compared  with  Zumstog's 
measurements  and  his  own  predictions,*’  Figs.  6(b) 
and  6(a).  The  agreement  between  theory  and 
experiment  has  clearly  been  greatly  improved.  In 
particular  the  variational  theory  predicts  an 
amplitude  ratio  between  electrode  edge  and 
electrode  centre  of  462 .  This  compares  with  a 
measured  value  of  45%  and  Zumstog's  original 
predicted  value  of  74%  (implied  by  the  value  of 
0.088  of  normallised  decay  .oefficient  given). 
Further  confirmation  of  the  predicted  mode-shape 
is.givon  by  the  qualitative  intensity  of 
| 3  u1/3x22|and|3-u„/3x32|  in  planes  normal  to  X2 
measured  by  X-ray  diffraction  as  shown  in  Fig. 7. 
The  predicted  distribution  of  these  quantities  in 
the  Xj  direction  is  shown  in  Fig.  8  for 
comparison.  The  solution  for  the  mode  shape 
observed  in  the  X2~direction  ii  also  compared  to 


finite  element  calculations  using  the  ASKA 
program. These  are  illustrated  in  Fig.  9.  The 
calculations  are  two-dimensional,  assuming  zero 
variation  with  X3.  The  first  ten  modes  are  shown, 
mode  number  8  being  the  one  of  interest  here. 
There  is  close  agreement  with  the  3-dimensional 
variational  solution  in  Fig.  4,  disregarding  the 
Xj-variation.  A  full  3-dimensional  solution 
using  ASKA  would  have  required  excessive  computer 
store.  The  frequency  difference  between  the  two 
solutions  is  mainly  due  to  the  slightly  different 
width  dimensions  used,  and  also  the  fact  that  one 
solution  is  2-dimensional  and  the  other  3- 
dimensional. 


Conclusion 


A  powerful  method  for  analysing  resonators 
has  been  described.  This  method  is  completely 
general  but  here  has  been  addressed  to  the 
analysis  of  the  new  class  of  miniaturized 
resonators  whose  energy-trapping  property  had  not 
hitherto  been  understood  theoretically.  Although 
results  have  only  been  presented  for  the  Zumsteg 
design,  the  method  is  readily  applicable  to  the 
Onoe  design  with  contouring  and  tilting  of  the 
faces.  Prediction  of  spurious  modes  would  be 
possible  by  taking  a  complete  Fourier  expansion  in 
the  x^ -direction  rather  than  selecting  terms 
appropriate  only  for  the  mode  of  interest.  This 
would  however  require  excessive  computer  storage 
at  present.  Nevertheless,  the  three-dimensional 
modelling  of  the  principal  mode  demands  less 
storage  than  would  be  required  by  the  finite 
element  method  for  similar  accuracy.  The 
efficiency  of  the  computer  program  is  currently 
rather  poor  and  this  is  now  being  improved  betore 
the  program  is  run  extensively  to  predict  other 
resonator  parameters.  The  accurate  prediction  of 
energy-trapping  suggests  that  the  method  could  be 
used  to  analyse  monolithic  filters  on  similar  bar- 
type  structures. 

The  author  gratefully  acknowledges  the  help 
of  Daniel  Vangheluwe  of  Philips  Elcoma  for 
providing  the  X-ray  measurements  and  ASKA  results 
and  also  foi  many  useful  discussions. 
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Fig. 2  Eigen-frequencies  of  rectangular  AT-cut 
resonators  versus  ratio  of  width 
(x  dimension)  to  thickness 
(y'dimension) 


Mindlin  theory  (Ref. 3) 


Zumsteg's  measurements  (Ref. 2) 


(Arrow  indicates  mode  of  interest) 


y' 


Fig.l  Bar-type  AT-cut  quartz  resonators 

(a)  Zumsteg  design  (b)  Onoe  design 


Sc  Sf 


Fig. 3  -Arbitrarily-shaped  piezoelectric  body 

S  :  Metallised  surfaces 
e 

Sc  :  Mechanically  clamped  surfaces 

Sj  :  Mechanically  and  electrically 
free  surfaces 
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*3=  -l3/2 


Fig. 4  Computed  vibration  pattern  of  main 
resonance  at  planes  normal  to  x^ 
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Fig. 6  Amplitude  of  vibration  component  u2  vs.Xj 
(x,  »  Lj/8,  x2  =  i2/2) 

(a)  Zumsteg  theory 

(b)  Zumsteg  measurements 

(c)  Variational  theory 


Fig. 5  Computed  vibration  pattern  of  main 
resonance  at  planes  normal  to  x. 


Number 


Fig. 7  X-ray  topographs  of  vibration  intensity  in 
plane  normal  to  x2 

(a)  | 32u1/3x22| 

(b)  |32u2/3x12| 


-0-625  0  0625 

x^mm) 


Operating  Mode 
(»  4.22MHz 


Fig. 9  Vibration  patterns  of  first  10  eigen  modes 
found  by  two-dimensional  finite-element 
analysis  using  ASKA  program  (Lj»  1.2  mm, 
\j2  “  0.4  mm.  Calculations  independent 

Of  Xj) 


Crystal  width 


Fig. 8  Computed  vibration  intensity  vs.  x^ 


(x2  «  L,/2  , 

(a)  |32Ul/3x22l 

(b)  |92u  /3x  2| 


x3  =0) 


FREQUENCY  TEMPERATURE  CHARACTERISTICS 
OF  RECTANGULAR  AT-CUT  QUARTZ  PLATES 


Tosbitake  Kato  and  Hiromi  Ueda 
Citizen  Watch  Co.,  Ltd. 
Technical  Laboratory 


Summary 

In  this  paper  the  resonant  frequency- 
temperature  chara;teristics  of  coupled  fundamental 
thickness-shear  mode  of  rectangular  AT-cut  quartz 
plates  with  all  four  edges  free  are  studied. 

A  resonant  frequency  formula  is  proposed  to 
obtain  the  resonant  frequencies  of  a  finite 
rectangular  quartz  plate  from  those  of  an  infinite 
plates.  Mindlin's  frequency  equations  are  solved 
in  two  cases;  in  one  case,  the  -dimension  is 
infinite,  and  in  the  other  case,  the  X-dimension  is 
infinite.  In  both  cases  the  piezoelectric  terms 
are  taken  into  account. 

Using  the  approximate  resonant  frequency 
formula,  frequency  temperature  coefficients  for 
rectangular  AT-cut  quartz  plates  with  various  X- 
and  Z' -dimensions  are  numerically  calculated . 

The  method  obtained  seems  to  be  useful  for 
design  and  fabrication  of  rectangular  quartz 
resonators . 


In  the  case  of  low  width-to-thickness  ratios, 
the  resonant  frequency  of  the  thickness-twist  over¬ 
tones  are  more  than  10%  higher  than  those  of  the 
fundamental  thickness-shear  mode,  and  the  coupling 
between  these  modes  is  very  small.  Hence,  in  this 
paper,  the  thickness-twist  modes  are  omitted  and  the 
face-shear  mode  is  considered.  Piezoelectricity  is 
also  taken  into  account,  by  using  Mindlin's  equation 
2.3. 

It  is  very  difficult  to  obtain  a  strict  reso¬ 
lution  about  vibration  of  rectangular  plates  with 
all  four  edges  free  considering  piezoelectricity. 
Therefore,  in  this  paper,  a  resonant  frequency 
formula  is  proposed  to  obtain  the  resonant  fre¬ 
quencies  of  a  finite  rectangular  quartz  plate  from 
those  of  an  infinite  plates.  Then  two-dimensional 
equations  are  solved  for  two  quartz  plates  which  have 
infinite  length  in  one  direction  and  finite  length 
in  the  other  direction,  considering  piezoelectricity. 
The  results  are  combined  by  using  the  above 
mentioned  frequency  formula  to  obtain  resonant  fre¬ 
quencies  of  a  quartz  plate  which  has  finite  length 
in  both  x  and  z ' . 


Introduction 


Rectangular  AT-cut  quartz  resonators  have 
moved  i.ito  an  important  position  as  an  electrical 
part  of  electric  watches  and  other  small  electric 
instruments.  Increasing  requirements  concerning 
the  temperature  dependence  of  the  resonant  fre¬ 
quency  of  these  resonators  make  it  necessary  to 
know  in  detail  the  influence  of  various  parameters 
on  the  resonant  frequency,  such  as  the  shape  and 
dimensions  of  the  resonator  and  the  electrode. 

One  of  the  most  recent  attempts  to  obtain 
theoretically  the  temperature  dependence  of  the 
resonant  frequency  of  AT-cut  quartz  plates  is  that 
done  by  Zelenka.1  In  his  paper  the  piezoelectric 
stiffening  was  taken  into  account  by  substituting 
C^gfor  C6g.  But  it  seems  to  bo  difficult  to 
predict  with  practical  accuracy  the  temperature 
dependence  of  the  resonant  frequency  by  this  method. 
The  reasons  why  this  cannot  be  done  are  that 
consideration  of  piezoelectricity  is  insufficient 
and  that  the  method  considers  only  the  thickness- 
twist  mode  and  does  not  consider  face-shear  mode. 


Principle 

The  combination  frequency  formula  to  obtain  the 
resonant  frequencies  of  a  finite  plate  can  be 
derived  as  follows.  As  shown  in  Fig.  1,  let 
dimensions  of  a  finite  quartz  plate  be  1  in  x-axis » 
w  in  z'-axis  ard  h  in  thickness,  and  the  resonant 
frequency  be  <a,  and  let  a  resonant  frequency  of  a 
quartz  plate  which  is  infinite  in  x-axis  and  has 
finite  length  w  in  z'-axis  be  mz.  To  obtains,  it 
is  enough  to  know  the  ratio 


e  seems  to  be  represented  by  a  complex  function  of 
length,  width,  thickness,  cut  angle,  etc.  But  m 
this  paper,  it  .s  assumed  that  e  can  be  approximated 
by  the  following  value. 


As  shown  in  Fig.  2,  when  a  resonant  frequency 
of  a  quartz  plate  which  is  infinite  in  both  x  and 
z'-axes  is  uj  i ,  and  a  resonant  frequency  of  a  quaitz 
plate  which  has  a  length  of  1  in  x-axis  and  infinite 
length  in  z'-axis  is  tax,  the  ratio 


tax 

wl 


ei 


(2) 
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can  be  obtained  by  means  of  several  analysis  methods. 

Both  e  and  ejL  give  the  ratios  of  resonant 
frequencies  of  quartz  plates  which  have  finite 
length  in  x-axis.  The  only  difference  is  the 
length  in  z'-axis.  Considering  that  dependence  of 
the  length  in  z'-axis  upon  resonant  frequency  is 
small,  an  assumption  of  e=el  may  be  proper. 

Therefore,  from  (1)  and  (2), 

(I)  _ 

W2  Wl 


where  barred  symbols  apply  to  the  plated  part, 
kj,  kj  are  the  shear  correction  factors  and  R  is 
the  ratio  of  the  mass  per  unit  area  of  both 
electrodes  to  the  mass  per  unit  area  of  the  plate. 
Then  we  may  write  down  the  equations  of  motion  as 
follows : 

For  unplated  portion: 

k lC66 (u2 , 1 , i)+po2u2=0 

2 

Vlltlil  l”3b  2kice$  (u2,  ^l=0 


0,  =  ■— T-Wv 
0)1  x 


(3) 


2.  3, 


Mi=Mx=^b 


(5) 


Both  o)z/t>i  and  0)x  can  be  obtained  by  means  of 
appropriate  analytical  method.  Therefore,  a 
resonant  frequency  of  a  finite  quartz  plate  can  be 
obtained  from  equ.  (3). 


Frequency  formula  for  a  quartz  plate  with 
finite  length  along  X  axis 


In  this  section  we  determine  resonant 
frequency  (ox  of  a  quartz  plate  with  finite  length 
£  along  X  axis  and  infinite  length  along  z'  axis. 
To  do  this,  we  start  with  formulas  (30),  (31)  and 
(32)  given  by  Mindlin  2.  (Fig. 3) 

Substituting  £=2b  ^1  ,n=U2 '  and  h=2b  into  the  above 
equations  and  cancelling  $  give: 


Ql=Qx  -2bkiC$6  (u2.l+  ’I’  1) 


For  plated  portion  (the  quantities  are  marked  with 
prime  expressed  by  barred  symbols.) 

k2Csj  (U2  ,11+  ’i'  1  ,  1)  +P(1+R)W2Uj.=0 


yI 


1  ’J' 1  <  1  i-3b 


"2k? 


_  A 

6$(U2/1+  $l)+ 


P02  (1+3R) 
1+N 


|b3F6^o 


(6) 


—  2  ■»  *  — 

M  1=  tjb  Yl  1  ’f'  1 


1 


Ql=2bk2C66  (u2, 1+  ij)  1  >  +  Fg4>0 


Mx=D1  (1+J) .  2b()l 
QX=Dj;.2b(ui+(l+N)<h  J+Fs^o 

d6  (uS+(l+N)>K)+pw2u2=o 

(l+a)^!"-^-  (Ui+  (1+N)<J) ,  J+PW2)!)  ,=|b"3Fe<{.0 

where 

_  (ei l-C) 2C1 2/C22  ? _ 

(Cl  1 -C i 2/C22) (Kl+ei2/C22) 

-c26(ell~e12Cl2/C22) 

Cg6 (Ki+ei2/C22) 

Symbols  used  in  the  above  equations  with  no 
commentary  are  the  same  as  those  used  in  the 
Mindlin1 s  report.2 

We  now  make  another  substitution  for  the  above 
equations  as  follows: 

•v  b  _ 

•h^hd+N)  1HJ1U+N) 

l  2  1+J 

Yn=(Cn-Ci2/C22)y^ 

2 

k2=”-y  (l*e2|/CsGK2) 
a  1 :  The  first  root  of 

taran=an  ( H-s~2‘) 
e26 


The  above  equations  have  almost  the  same  forms  as 
equations  (1) ,  (3) ,  (4) ,  and  (6)  given  by  Lee  and 
Spencer.4 

Pbr  the  plated  portion  of  the  plate,  therefore, 
we  may  assume  the  solution  of  equation  (6)  as: 

u2=Aibsin|ixi+A2bsin52Xi 

tJi^EBiCosSjXi+C'  (i=l,2) 

C=|b3F64>o/(^(l+3R)-3b'2k?CG$) 

Also  for  the  unplated  portion  of  the  plate  we  may 
assume  the  solution  of  equation  (5)  as: 

U2=EAiibsini;i(x)-a)+rAi2bcos5i(xi-a) 

$  j=EBiicosCi(xi-a)+EBi2sin?i(xi-a) , 

(i=l,2) 

By  substituting  the  above  equations  into  eqs.  (5) 
and  (6),  and  into  the^bgundary  conditions  Ml=0, 

Q1“0  at  xl=±§-,  u2=u2  $=<!<i,  Ml=Ml,  Ql-Ql  at  xl=±a, 
and  also  determining  the  condition  that  may  give 
non-trivial  solutions  of  simultaneous  equations  of 
Aij  and  Bij  comprised  of  those  equations,  we  can 
obtain  the  object  frequency  formula  of  U)x. 

The  frequency  equation  may  be  written  in  the  same 
form  as  that  given  in  Lee  and  Spencer's  paper  4 
as: 


i+3R 

r,£^l1 

pb 


(4) 
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an 

ai2 

0 

h 

0 

lj>2 

a2i 

an 

1 

0 

1 

0 

231 

a32 

Oi 

0 

az 
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a4 1 

a,  2 

0 

-<*; 

0 

-«1 

9 

0 

as  3 

as4 

ass 

ass 

0 

0 

26  3 

364 

36  5 

6 

Cs5=CssAlC66 

A 

C56=C56AlCs6 

0  (7) 

‘?S5=Y5S/3klCC6 

e3s=e3sAiC6$ 


c=bz 

q2  UZ2  _  M22 

,3KlCG6.  to] 2 
'  pb‘  ' 

636=e36AlC$6 

E33=C33AlC6G 


(10) 


The  relations  for  the  calculation  of  the  components 
of  the  frequency  equation  (7)  are  almost  same  as 
those  given  ir.  paper  4,  but  for  the  calculation  of 
the  quantities  given  below  it  is  necessary  to  use 
the  following  relations. 


x=x=0 


?il=Yii/3k2C66 


Yn=Yii/3Ei  ee 

§=(WN  +3*?i»)5* 

n2  -2 

c=3r(l--)n2 


E=w 

C=3d-^)fi2 
d*=(f  -a)  a 


(8) 


when  we  assume  the  roots  of  eq.  (9)  as  Zi  and  1,2 , 
we  obtain  the  following  equation  from  that 
assumption  which  would  satisfy  the  boundary 

conditions  at  x3=-H;).: 

“2 

(Cs  s  *  C  i+Cs  g  * )  iacos-^sin^ 

+  (C55*?2B2+C56*)sin-Si^os-^5i  =  0  (11) 

where 

B  i=-  <?s  s  C2+l+|^|-fi2 )  /C5  6  Hi 


Determining  toz/io  i 

We  then  determine  the  frequency  equation  for 
a  quartz  plate  with  infinite  length  along  X  axis 
and  finite  length  along  Z1  axis  with  its 
piezoelectrical  characteristics  taken  into  account. 
In  eqs.  (26)  through  (32)  given  in  Mindlin’s  paper 
3  we  assume  the  displacement  and  potential  as 
follows : 

ui  ^=ui=Bibsintx3 
ui  l=B4COS£x3 
<f^“^'=Cibsin5x3 
u2(o)=o=0,  U3<0)=U3=O 

U3(l)r^3=0  C|)(l)<=0 

We  then  substitute  the  above  equations  into  eqs. 
(26)  through  (32).  (The  above  assumption  is 
based  on  a  process  in  which  the  thickness-twist 
mode  is  omitted,  face-shear  mode  is  taken  into 
account,  and  potential  component  <[>(1)  m  regard  to 
the  thickness-twist  mode  is  omitted. ) 

According  to  the  assumption  that  the  obtained 
equation  has  a  non-trivial  solution  in  regard  to 
Bl,  B4,  and  Cl,  we  obtain: 


:-3Q2 

A  M 

CseS 

ess? 

=0 

656? 

YssC+l-fi2 

A 

es6 

(9) 

e3sl 

A 

S36 

A 

-e3  3 

where 


82=-(Ys  s  ?2+l+— -«2  J/C'se*  ?2 
£33 

e55*=cS5+^i  1  e5G*=e56+!^ 

£33  £33 

According  to  the  definition,  the  root  12  of  the 
equation  (11)  is  equal  totoz/foi  • 


Application  to  Temperature 
Characteristics 

Combining  the  solutions  of  the  above  two 
different  frequency  equations  into  one  by  using 
eq. (3)  gives  the  resonant  frequency  of  the  quartz 
plate  with  finite  lengths  along  both  X  and  z'axis, 
and  having  an  arbitrary  electrode  size.  (Fig. 4) 

As  one  of  the  applications  of  this  frequency 
formula,  we  can  determine  the  temperature 
coefficient  of  finite  quartz  plates.  We  computed 
the  mean  temperature  coefficient  of  the  resonant 
frequency  over  25°C  to  40°C  using  the  same 
dimensions  as  in  the  experiment  of  Royer  7,  and 
compared  it  with  the  experimental  results  by 
Royer.  The  values  of  the  elastic  stiffnesses  and 
their  temperature  coefficients,  etc.  used  in  the 
calculation  were  taken  from  papers  l<5,6f 

The  curved  line  in  Fig.  5  shows  the  calculated 
result,  which  agrees  with  the  experimental  result 
indicated  by  black  dots. 

Figure  6  shows  the  calculated  and  measured 
loci  of  zero  temperature  coefficients  of  the 
resonant  frequency.  As  can  be  seen  in  the  figure, 
both  calculation  and  experiment  agree  with  each 
other,  which  indicates  the  propriety  of  frequency 
formula  (3) . 
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Experimental  Results 

To  examine  the  accuracy  of  the  frequency 
formula,  we  experimentally  obtained  the  resonant 
frequency  variations  as  measured  by  changing  the 
w/h  of  a  quartz  plate  with  £/h=31. 25  over  3.4  to 
6.4.  The  result  of  the  measurement  is  shown  by 
black  dots  in  Fig.  7.  As  seen  in  the  figure,  the 
resonant  frequency  variation  accompanied  with 
width-dimension  variation  agrees  with  the  calculated 
result  which  is  shown  by  the  solid  line. 

Figure  8  and  9  show  mean  temperature- 
coefficient  variation  over  20°C  to  30°C  with 
respect  to  width  to  thickness  ratio  2 ' /y 1 ,  cut 
angles  0=35°O3',  35°24',  length  to  thickness  ratio 
X/y'=15,  and  electrode  ratio  2a/£=1.0. 

An  agreement  is  seen  between  the  measured  result 
shown  by  black  dots  and  the  calculated  result  shown 
by  the  solid  line. 

However,  the  measured  value  tends  to  be 
lessened  around  2  to  3  ppm/deg  in  the  neighborhood 
of  Z'A,=3.75  as  compared  with  the  calculated 
value.  This  seems  to  be  due  to  the  fact  that  the 
extension  mode  along  Z'  axis  is  omitted  from  the 
theoretical  equation  mentioned  earlier. 

The  improvement  of  this  equation  by  taking  this 
point  into  account  will  be  our  future  thesis. 


Conclusion 

A  frequency  formula  valid  for  rectangular 
qua,.'  z  plates  with  finite  lengths  along  both  X  and 
Z'  axis  has  been  obtained  with  the  piezoelectric 
terms  taken  into  account. 

As  a  result  of  calculations,  using  this  frequency 
formula  on  the  frequency-temperature  characteristics 
of  rectangular  AT-cut  quartz  plates,  it  has  been 
revealed  that  the  temperature  characteristics  of  a 
quartz  plate  with  a  specified  shape  can  be  foreseen 
with  considerable  precision. 

The  formula  obtained  seems  to  be  quite  useful  for 
the  design  of  rectangular  quartz  resonator. 

Also  the  measured  value  was  considerably  lessened 
with  respect  to  the  theoretical  value  at  around 
Z'/Y '=3.75. 

This  will  be  elucidated  in  our  future  discussions. 
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Fig.  1  Quartz  plates,  one  of  which  is  infinite  in 
x-dimension  and  the  other  is  finite  both  in 
x  and  z' -dimension. 


Fig.  3  Quartz  plates  with  electrode,  z' -dimension 
is  infinite. 


Fig.  4  Quartz  plates  with  electrode.  Both  x  and 
z' -dimension  are  finite. 
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Fig.  2  Quartz  plates,  one  of  which  is  infinite  in 
z' -dimension  and  the  other  is  finite  both 
in  x  and  z'-dimension. 
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Fig.  5  Mean  frequency-temperature  coefficient 
between  25°C  S  40°C,  calculated  and 
measured. 
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Fig.  6  Loci  of  zero  temperature  coefficients  of 
frequency. 
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Fig.  7  Resonant  frequent,  change  as  a  fmwrion  ..f 

z'/y'. 


Fig.  8 
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Fig.  9  Frequency- temperature  coefficient  between 
20  S  30°C.  0=3503' . 


NEW  FREQUENCY-TEMPERATURE  CHARACTERISTICS  OF 
4.19MHz  BEVELED  RECTANGULAR  AT-CUT  QUARTZ  RESONATOR 
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Summary 

At  the  last  Frequency  Control  Symposium,  we 
reported  the  experimental  results  of  the  unwanted 
mode  for  the  beveled  rectangular  AT-cut  quartz 
resonator  with  a  view  to  its  miniaturization. 
Detailed  investigations  weie  made,  where  Vt=15.7 
approximately,  w/t=2.8  to  3.4,  £= length  along  X- 
axis,  w=width  along  Z'-axis,  and  t= thickness  of 
the  resonator. 

We  have  extended  the  previous  range  of  de¬ 
tailed  investigations  of  SL/t  and  w/t.  Over  the 
range  of  w/t=1.50  to  4.75,  the  variations  of  un¬ 
wanted  mode  and  of  frequency-temperature  character¬ 
istics  of  thickness-shear  mode  have  been  reinvesti¬ 
gated  in  detail. 

Further,  with  Monte  Carlo  method,  we  investi¬ 
gated  to  simulate  the  carrying  accuracy  of  the 
quartz  watches  using  our  quartz  resonators  which 
have  various  inflection  point  temperature. 

Some  of  the  results  are  as  follows: 

(1)  In  the  three  ranges  of  the  dimensional  ratio 
of  w/t *2. 1-2.9,  3.2  ~  3.5  and  3.88-4.35,  the 
frequency- temperature  characteristic  of  the  cubic 
curve  can  be  practically  effectuated  in  the  vicin¬ 
ity  of  the  normal  temperature. 

(2)  In  the  range  where  w/t  is  2.1 -2.9,  the  in¬ 
flection  point  temperature  of  the  frequency-tem¬ 
perature  characteristic  curve  shows  a  tendency 
different  from  what  has  so  far  been  reported, 
namely,  the  inflection  point  temperature  decreases 
as  w/t  decreases  and  can  be  made  lower  than  the 
theorectical  value  of  an  infinite  AT-cut  quartz 
plate:  i.e.  this  inflection  point  temperature  can 
be  varied  continuously  over  the  wide  range  of 
-20°C  to  +35'C. 

(3)  According  to  the  carrying  accuracy  simulation 
of  the  watches  by  the  Monte  Carlo  method,  the  AT- 
cut  quartz  resonator  having  the  inflection  point 
temperature  of  20°C  is  expedient  for  the  highly 
accurate  watch  among  AT-cut  quartz  resonators 
having  the  inflection  point  temperatures  of  11°C, 
20°C  and  35°C. 

Introduction 

At  the  last  Frequency  Control  Symposium,  we 
reported  research  results  of  miniaturization  of 
the  beveled  rectangular  AT-cut  quartz  resonators'? 


It  was  revealed  then  that,  taking  the  lengthwise 
direction  of  the  resonator  as  X-axis  direction  of 
quartz  crystal  coordinate,  the  frequency-tempera¬ 
ture  curve  takes  a  similar  profile  with  that  for 
the  infinite  AT-cut  plate  m  the  vicinity  of  1/ t= 
15.7  and  w/t=3.3  (where  1  is  the  length,  w  is  the 
width  and  t  is  the  thickness  of  the  resonator 
respectively)  and  that  we  could  mass-produce  those 
resonators  which  have  the  inflection  point  temper¬ 
ature  higher  by  about  5°C  than  chat  of  infinite  plate. 

This  resonator  which  measures  6.2  x  1.3  x  0.4 
mm  at  4.19MHz  could  fully  take  the  place  of  the 
conventional  resonators  for  watches  and  was  found 
by  far  superior  to  former  quartz  resonators  for 
watches  in  the  field  of  vibration  characteristics. 
Judging  from  this  point  of  view,  it  can  be  said 
that  this  type  of  resonator  can  satisfactorily  bp 
put  to  practical  use  for  highly  accuracte  watches. 

If  we  are  allowed  to  hope  more,  however,  the 
frequency  variation  due  to  the  temperature  varia¬ 
tion  in  the  range  of  less  than  10°C  can  not  be 
sufficiently  small  as  in  the  case  of  even  the 
infinite  AT-cut  plate.  If  this  point  can  be  im¬ 
proved,  a  marked  improvement  will  be  made  in  the 
branch  of  devices  used  in  the  range  of  temperature 
centering  around  the  room  temperature  such  as,  for 
example,  watches,  clocks  and  other  electronic 
devices. 

It  has  so  far  been  reported  that  the  inflec¬ 
tion  point  temperature  of  the  frequency-tempera¬ 
ture  characteristic  curve  increases  compared  with 
that  of  the  infinite  AT-cut  plate  (namely  28°C  at 
the  curve  giving  zero  temperature  coefficient: 

M.  Arigu) >2)  f5)  when  the  AT-cut  quartz  resonator 
has  been  miniaturized.  The  dimensional  ratio 
range  showing  the  above  tendency  was  also  con¬ 
firmed  through  our  experiments  with  the  long-X 
rectangular  AT-cut  quartz  resonator.  However, 
the  same  tendency  could  not  always  be  observed 
during  the  experiments  over  the  wide  range  of  the 
dimensional  ratio.  Moreover,  it  was  assumed  that 
there  was  a  possibility  of  deviating  from  the 
former  tendency  in  the  comparatively  small  range 
of  the  dimensional  ratio. 

We  have  therfore  carried  on  our  research 
about  the  inflection  point  temperature  of  the  fre¬ 
quency-temperature  characteristic  curve  for  manu¬ 
facturing  AT-cut  quartz  resonators,  under  the  most 
suitable  conditions  for  mass-production  and  yet 
smaller  in  size  as  compared  with  the  conventional 
ones,  for  electronic  apparatus,  for  instance, 
watches,  clocks  or  communications  apparatus  mainly 
used  in  the  room  temperature.  As  the  result  of 
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the  research,  we  have  succeeded  in  believing  that 
the  inflection  point  temperature  can  he  variedfrom 
at  least  -20°C  to  +35°C  in  the  range  of  miniatur¬ 
ized  dimension  which  can  meet  requirements  to  be 
used  for  even  4MHz  watches.  As  we  have  not  seen 
any  report  concerning  the  AT-cut  quartz  resonator 
giving  the  inflection  point  temperature  lower  than 
that  of  the  infinite  AT-cut  plate,  we  have  carried 
on  the  research  in  details  from  various  angles 
with  a  special  emphasis.  As  the  result,  it  has 
been  ascertained  that  we  have  been  able  to  produce 
the  AT-cut  quartz  resonator  which  has  enough  re¬ 
producibility,  is  excellent  in  characteristics  of 
a  resonator  and  is  suitable  for  mass-production 
in  smaller  size  than  those  resonators  so  far  hav¬ 
ing  been  used. 

When  the  inflection  point  temperature  for  the 
frequency -temperature  characteristic  curve  is 
lowered  than  that  for  the  infinite  AT-cut  plate, 
the  flat  range  (less  variation  against  the  temper¬ 
ature)  of  tne  curve  shifts  to  the  lower-tempera¬ 
ture  side  and  accordingly  it  is  considered  that 
this  is  desirable  characteristics  for  electronic 
apparatus  much  used  in  the  vicinity  of  the  room 
temperature.  In  order  to  corroborate  the  abovemention- 
ed  fact,  we  have  carried  out  the  carrying  accuracy 
simulation  of  the  watches  for  the  AT-cut  quartz 
resonators  with  the  inflection  point  temperature 
of  ll^C,  20°C  and  35°C  by  means  of  the  Monte  Carlo 
method.  The  results  shows  that  the  inflection 
point  temperature  of  20°C  is  the  most  desirable 
for  the  watch. 

In  the  following,  we  will  report  a  part  of 
the  results  of  the  research  about  the  rectangular 
AT-cut  quartz  resonator  which  is  long  in  the  di¬ 
rection  of  the  X  axis  placing  the  focus  on  the 
frequency  spectrum  concerning  width  dimension  and 
on  the  relation  between  the  width  dimension  and 
the  inflection  point  temperature.  Further,  we 
will  make  a  partial  report  of  the  carrying  accu¬ 
racy  simulation  by  means  of  thi  Monte  Carlo 
method  when  the  above  mentioned  resonator  has  been 
used  to  a  watch. 

Frequency  Spectrum  Concerning  Width  Dimension 

In  order  to  improve  the  frequency-temperature 
characteristics  and  the  mass  productivity  of  the 
beveled  rectangular  AT-cut  quartz  resonator  which 
is  long  in  the  direction  of  the  X  axis,  we  made  a 
study  of  the  frequency  spectrum  including  both 
sides  of  the  region  of  the  w/t  which  wo  made  a 
report  of  at  the  last  Frequency  Control  Symposium. 

Fig.l  shows  the  cutting  angle  of  the  quartz 
resonator. 

Fig. 2  shows  the  symbols  of  the  quartz  reso¬ 
nator  used  in  the  experiment  performed  by  us. 

Fig. 3  shows  the  frequency  spectrum  measured 
every  time  when  the  width  dimension  of  a  specimen 
of  a  rectangular  AT-cut  of  £./t’=.15.5,  /t'=.3.5 

and  w/t ‘^4. 75  was  shaved  by  A(w/t) ’=,0.05  to  w/t= 
3.00. 

Fig. 4  shows  the  slopes  of  the  frequency-tem¬ 
perature  curve  in  the  vicinity  of  about  20°C  by 
means  of  measuring  the  frequency-temperature  cha¬ 
racteristics  of  the  fundamental  thickness-shear 
vibration  every  time  when  the  same  specimen  as 
that  used  in  the  case  of  Fig. 3  was  shaved  by  as 


much  as  A(w/t)=0.125.  The  cut  angle  8  of  the 
specir  m  of  the  data  shown  in  this  figure  is 
about  35°22 1 . 

In  Fig. 3,  the  mark  of  X  in  the  vicinity  of 
the  frequency  constant  f •t=1680kHz-mra  shows  the 
thickness-shear  vibration  while  the  black  round 
marks  show  various  spurious  (unwanted)  vibration. 
It  is  worthy  of  special  mention  here  that  there 
exist  two  kinds  of  unwanted  modes  snowing  by 
nearly  straight  lines  connecting  S  and  S',  and  T 
and  T’ .  These  unwanted  modes  are  assumed  respec¬ 
tively  to  be  the  tertiary  overtone  of  the  width- 
shear  mode  and  the  secondary  overtone  of  the 
width-extensional  mode  ,  however,  more  accurately, 
it  should  be  probed  by  Fukuyo's  probe  method.11^ 

In  Fig. 4,  the  frequency-temperature  coeffi¬ 
cient  of  the  thickness-shear  mode  in  the  vicinity 
of  the  normal  temperature  shows  a  large  negative 
value  with  w/t'=.4.7  and  3.63  where  the  thickness- 
shear  mode  is  strongly  effected  by  the  above- 
mentioned  modes.  It  is  therefore  advisable  to 
avoid  these  modes  in  designing  the  resonator. 

Also  as  shown  in  Fig. 4,  in  the  two  ranges 
for  the  dimensional  ratio  of  w/t  =.3.88  to  4.35 
and  w/t '=.3.2  to  3.5,  the  frequency-temperature 
characteristics  of  the  thickness-shear  mode  be¬ 
comes  almost  zero  temperature  coefficient. 
Accordingly,  in  these  two  ranges  of  the  dimension¬ 
al  ratio  in  Fig. 4,  it  becomes  possible  to  obtain 
the  beveled  rectangular  AT-cut  quartz  resonator 
showing  excellent  frequency-temperature  character¬ 
istic  which  is  the  essential  characteristic  of  the 
AT-cut  quartz  resonator  by  means  of  properly  se¬ 
lecting  the  widtli  dimension  after  evading  any 
adverse  effects  to  the  thickness-shear  mode  due 
to  a  fine  unwanted  mode.  At  the  last  Frequency 
Control  Symposium,  we  reported  the  experimental 
results  of  the  unwanted  mode  for  the  beveled  rec¬ 
tangular  AT-cut  quartz  resonator  for  the  range  of 
w/t=3.2  -  3.5. 

We  will  now  show  the  research  results  exe¬ 
cuted  in  the  range  of  the  smaller  value  than  that 
in  the  range  as  shown  in  Fig. 4. 
g  ^fThe  curve  A  *n  fig shows  plotted  slopes 
^j(-jr)  in  the  vicinity  of  20°C  obtained  every  time 
by  means  of  measuring  the  frequency-temperature 
characteristics  for  the  fundamental  thickness- 
shear  mode  when  the  width  of  the  beveled  rectan¬ 
gular  AT-cut  quartz  resonator  having  w/t *=.4. 75 
was  shaved  little  by  little  where  i/t  is  15.5, 
io/t  is  3.5  approximately.  Here  the  cut  angle  of 
the  resonator  is  about  35°24'.  It  is  observed  in 
this  curve  that  the  frequency-temperature  coeffi¬ 
cient  of  the  thickness-shear  mode  shows  a  large 
negative  value  as  the  value  of  w/t  becomes  smaller 
toward  about  3.0,  while  the  coefficient  approaches 
to  zero  when  the  value  of  w/t  passed  through  about 
3.3  and  it  will  show  gradual  larger  negative 
values  again  as  w/t  becomes  further  smaller.  The 
former  is  considered  that  the  thickness-shear  mode 
is  under  the  influence  of  the  secondary  overtone 
of  the  width-shear  mode  when  the  value  of  w/t  is 
approximately  3.0  and  the  latter  is  considered  to 
have  been  brought  on  by  the  fact  that  the  thick¬ 
ness-shear  mode  has  heavily  been  affected  by  the 
fundamental  width-shear  mode  because  of  agreement 
of  the  frequency  of  the  fundamental  thickness¬ 
shearmode  with  that  of  the  fundamental  width-shear 
mode  when  the  value  of  w/t  is  approximately  1.5. 
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Further,  the  frequency-temperature  coefficient  of 
the  thickness-shear  mode  shows  the  value  close  to 
zero  in  the  range  of  w/t=2.1 ~  2.9.  In  this  range, 
the  frequency-temperature  characteristics  having 
the  zero  temperature  coefficient  can  be  obtained 
by  means  of  selecting  the  cut  angle  properly. 

Fig. 6  shows  the  optimum  cut  angles  for  all  the 
dimensions  which  have  been  obtained  from  calcula¬ 
tions. 

R.D.  Mindlin4*  pointed  out  that  in  the  case 
of  the  rectangular  AT-cut  quartz  resonator  with 
finite  width  dimension,  the  vibration  mode  of  the 
thickness-shear  mode  became  to  have  a  quite  simple 
mode  when,  as  shown  in  Fig. 7,  the  side  planes,  the 
X-Y'  planes,  were  cut  with  the  positive  direction 
of  the  X  axis  directed  toward  you  and  by  means  of 
tilting  it  about  6°(i{i=.60)  counterclockwise, 
g  Fig. 5,  the  curve  B  shows  the  plotted  slopes 

in  the  vicinity  of  20°C  of  the  frequency- 
temperature  curves  of  the  thickness-shear  mode  when 
the  side  planes  of  the  beveled  rectangular  AT-cut 
quartz  resonator  were  tilted  by  (Ji*=.6°  as  shown  in 
Fig. 7  and  the  width  dimension  w  was  decreased  by 
means  of  shaving  little  by  little,  where  &AH15.5. 
As  is  shown  by  the  curve  B  in  Fig. 5,  the  variation 
of  the  frequency-temperature  characteristics  of  the 
thickness-shear  mode  caused  by  the  change  of  the 
width  dimension  is  far  smaller  than  that  when  the 
side  planes  have  not  been  tilted  when  tilted 
by  about  6°.  This  tendency  can  be  explaned  that 
the  influence  of  the  width-shear  mode  on  the  thick¬ 
ness-shear  mode  has  been  lightened  as  the  result  of 
uncoupling  between  the  thickness-shear  mode  and  the 
width-shear  mode  due  to  that  the  side  planes  have 
been  tilted  by  about  6°.  From  this  fact,  it  may  oe 
said  that  the  resonator  with  smaller  dispersion  of 
the  frequency-temperature  characteristics  can  be 
obtained  in  mass-production  whc  i  the  side  planes 
are  tilted  properly. 

On  the  other  hand,  tilting  the  side  planes 
involves  increased  manufacturing  process  which 
requires  high  manufacturing  technology.  It  is 
therefore  difficult  to  say  that  this  process  can 
be  suitable  for  mass-production  without  reserve. 

Inflection  Point  Temperature 

The  effect  of  the  width  dimension  on  the  fre¬ 
quency-temperature  characteristics  of  the  rectan¬ 
gular  AT-cut  quartz  resonator  was  studied  by  J.J. 
Royer5*.  He  studied  the  frequency-temperature 
characteristics  of  the  rectangular  AT-cut  quartz 
resonator  having  £/t=60  and  !o/t=0  covering  the 
range  from  w/t=30  to  w/t=2.5.  He  reported  that 
the  inflection  point  temperature  was  about  40°C  in 
the  case  of  w/t =3.0  when  the  frequency-temperature 
curve  showed  zero  temperature  coefficient. 

He  also  reports  about  the  region  of  w/t<l, 
namely  the  Now  DT-cut,  where  the  dimensior  of  the 
Z'  axis  was  made  smaller  than  that  of  the  Y' 
axis.6*  There  is  no  detailed  report  available 
concerning  the  case  where  thu  value  of  w/t  lies  in 
between  (namely,  l<w/t<2.5). 

As  is  shown  by  curve  A  in  Fig. 5,  however,  cur 
research  revealed  that  the  frequency-temperature 
coefficients  are  close  to  zero  in  the  vicinity  of 
the  normal  temperature  when  the  value  of  w/t  lies 
between  about  2,1  and  *.9.  Based  on  this  finding. 


we  made  further  experiments  with  w/t  value  limited 
in  the  above  region.  As  the  result,  we  could  ob¬ 
tain  the  cubic  curve  of  the  frequency-temperature 
characteristic  about  the  fundamental  thickness- 
shear  mode  as  shown  in  Fig. 8.  In  the  figure,  the 
curve  C-C  is  for  w/t'=.2.3,  the  curve  D-D'  is  for 
the  case  where  w/t=.2.5  and  the  curve  C-R'  is  for 
the  case  where  w/t *=2.75  respectively.  Needless 
to  say,  the  cut  angle  0  giving  the  optimum  frequen¬ 
cy  temperature  charaets*  '.sties  in  each  of  -hese 
values  of  w/t  differs  from  each  other. 

Each  inflection  point  temperature  Tx  for  the 
frequency-temperature  curves  shown  by  C-C' ,  D-D' 
and  E-E'  in  Fig. 8  is  5°C,  20°C  and  28°C  respective¬ 
ly.  Here  Tx  is  the  temperature  where  the  value  of 
the  secondary  differential  coefficient  be“ 

comes  zero.  According  to  the  theory  by  I.  Koga  and 
M.  Ariga  concerning  the  infinite  AT-cut  plate,7* 
the  inflection  point  temperature  is  about  28°C 
when  the  frequency-temperature  curve  gives  zero 
temperature  coefficient.  According  to  the  results 
of  our  experiments,  however,  the  inflection  point 
temperature  when  the  frequency-temperature  curve 
gives  zero  temperature  coefficient  can  be  lower 
than  the  theoretical  value  for  the  infinite  AT-cut 
plate  in  the  region  of  w/t<3.0  as  mentioned  above. 
It  was  also  made  clear,  moreover,  that  the  inflec¬ 
tion  point  temperature  Tx  can,  as  shown  in  Fig. 9, 
be  selected  over  a  fairly  wide  extent  by  means  of 
changing  w/t. 

Method  of  Measurement 

The  measurement  of  the  characteristics  of  the 
resonator  was  carried  out  using  the  supporting 
method  as  shown  in  Photo  1.  Through  this  method, 
many  unwanted  modes  could  be  measured  highly  sen¬ 
sitively  and  the  Q  value  for  the  thickness-shear 
mode  could  be  kept  in  high  value. 

Estimation  of  Carrying  Accuracy  of  Watch 
by  Monte  Carlo  Method 

As  mentioned  above,  the  inflection  point 
temperature  ot  the  frequency-temperature  curve 
for  the  thickness-shear  mode  of  the  beveled  rec¬ 
tangular  AT-cut  quartz  resonator  can  be  made  lower 
than  that  of  the  infinite  AT-cut  plate  and  more¬ 
over  it  was  made  clear  that  it  could  be  selected 
optionally  over  the  definite  extent.  Accordingly 
we  studied  what  meaning  such  a  resonator  had  for 
the  environmental  conditions  where  it  was  used. 

As  an  example,  we  would  like  to  mention  about 
the  case  where  the  carrying  accuracy  of  the  watches 
using  above  mentioned  resonator  was  estimated  by 
help  of  the  simulation  using  the  Monte  Carlo 
method.®* 

The  accu, acy  or  a  watch  is  determined  by  the 
frequency  of  a  resonator.  Also  the  frequency  of  a 
quartz  resonator  changes,  for  example,  by  tempera¬ 
ture.  The  carrying  accuracy  of  a  quartz  watch  can 
therefore  be  obtained  when  the  frequency  tempera¬ 
ture  characteristics  of  a  quartz  resonator  used 
and  the  environmental  temperature  where  the  watch 
is  placed  as  well  as  the  duration  of  time  in  which 
the  watch  is  placed  in  each  of  the  above-mentioned 
environmental  temperatures  are  made  known. 

For  executing  the  simulation  for  estimating 
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the  carrying  accuracy  here,  the  temperature  of  the 
watch  shall  be  assumed  to  be  29.5°C  on  an  average 
when  it  is  worn  and  to  be  the  room  temperature 
when  it  is  not  worn.  As  the  room  temperature,  we 
divided  one  year  into  12  months  and  used  the  modi- 
fied-values  of  average  temperature  of  every  month. 
As  the  atmospheric  temperature  differ  from  each 
other  from  one  district  to  another,  we  have  divid¬ 
ed  whole  Japan  into  80  towns  and  cities  and  monthly 
average  temperature  for  each  city  was  used. 

The  contents  o'f  the  simulation  for  the  carry¬ 
ing  accuracy  is  shown  in  Fig. 10. 

1.  Selection  of  Cut  Angle: 

To  select  a  certain  value  from  among  the  cut 
angles  having  dispersion  in  the  neighborhood 
of  the  central  value,  8o- 

2.  Selection  of  Adjusted  Frequency: 

To  adjust  the  frequency  of  quartz  resonator  at 
the  temperature  of  24°C.  A  certain  value  shall 
be  selected  from  among  the  adjusted  frequency 
having  dispersion  in  the  vicinity  of  the  cen¬ 
tral  value  of  fo- 

3.  Selection  of  Frequency  Aging: 

To  select  a  certain  value  from  among  the 
amounts  of  the  frequency  aging  having  disper¬ 
sion  in  the  vicinity  of  the  central  value  of 
A0- 

4.  Selection  of  Starting  Konth  of  Carrying: 

To  select  a  certain  month  from  12  months  of  a 
year. 

5.  Selection  of  Towns  and  Cities: 

To  select  one  city  or  town  from  among  the  80 
cities  and  towns.  By  this  the  average  temper¬ 
ature  of  the  watch  when  it  is  not  wore  every 
month,  Trq  is  determined. 

6.  Selection  of  Average  Carrying  Duration: 

Daily  average  carrying  duration,  Hwo  shall  be 
selected.  The  distribution  shown  in  the 
figure  is  what  has  been  obtained  from  the 
actual  investigation. 

7.  Designation  of  Carrying  Duration: 

The  carrying  duration  Hw  is  supposed  to  have 
dispersion  in  the  vicinity  of  the  average 
carrying  duration.  The  carrying  duration  for 
simulation  shall  be  selected  from  it. 

8.  Designation  of  Carrying  Temperature: 

The  temperature  of  the  watch  when  it  is  worn,Tw 
is  supposed  to  have  dispersion  in  the  vicinity 
of  the  average  temperature  of  29.5°C.  The 
carrying  temperature  shall  be  selected  from 
this  dispersion. 

9.  Designation  of  Room  Temperature: 

The  temperature  of  a  watch  when  it  is  not  worn, 
Tr  is  supposed  to  have  dispersion  in  the 
neighborhood  of  the  average  room  temperature 
Trq.  The  room  temperature  shall  be  selected 
from  the  dispersion. 

10.  Calculation  of  Daily  Error: 

The  daily  error,  t<j  shall  be  obtained  from  the 
following  formula: 

_  {£Tw  x  Hw  +  fTR  (24  -  Hw)}  x  3600 

td  =  86400  x  2ra 

£tw,  fTR  =  frequency  at  Tw,  Tr,  respectively 
where  2m  is  the  frequency  designed  to  be  used. 

11.  Calculation  of  Monthly  Error: 

The  monthly  error,  tm  shall  be  calculated  by 
multiplying  the  average  obtained  by  repeating 
n  times  the  procedures  7.  to  10.  above  by  30. 


tm  =  td)-_)  / n  *  30 

12.  Calculation  of  Yearly  Error: 

The  yearly  error,  ty  shall  be  calculated  by 
means  of  adding  up  the  monthly  error  of  12 
months  which  shall  begin  with  the  starting 
month  of  carrying. 

12 

ty  =  {  £  tjn£) 

1  £=1 

where  1=1  means  the  starting  month  of  carrying. 
The  simulation  shall  be  brought  to  a  close 
after  we  have  repeated  N  tines  the  procedures 
mentioned  in  1.  to  12.  above. 

The  cpu  tine  for  this  simulation  is  about  15 
minutes  under  the  conditions  that  N=1000  and 
n=50. 

The -distinctive  feature  of  the  Monte  Carlo 
method  lies  in  the  fact  that,  in  the  operation  of 
1.  to  9.  mentioned  above,  the  method  make  use  of 
random  numbers  in  selecting  appropriative  value, 
month  and  city.  By  help  of  this  simulation  for 
estimation  of  the  carrying  accuracy,  it  is  possible 
for  us  to  know  how  big  an  extent  of  error  many 
quartz  watches  having  the  characteristic  of  1.  to 
3.  mentioned  above  have  on  an  average  of  12  months 
and  also  what  percent  of  those  wathces  can  stand 
the  test  for  a  certain  indicated  yearly  error. 

We  have  carried  out  the  estimation  of  the 
carrying  accuracy  for  the  three  cases  of  the  in¬ 
flection  point  temperatures  of  35°C,  20°C  and  xl°C 
when  the  frequency-temperature  characteristic  give 
zero  temperature  coefficient.  In  using  the  AT-cut 
quartz  resonators  having  these  inflection  point 
temperatures  for  the  watches,  it  is  necessary  for 
us  to  find  out  the  optimum  conditions  for  the  cut 
angle  and  adjusted  frequency  which  can  highten  the 
carrying  accuracy  to  the  maximum.  The  optimum 
values  for  the  adjusted  frequency  at  24°C  are  as 
follows  in  their  inflection  point  temperatures  in 
the  case  where  the  frequency  is  4.19MHz. 

=  4194304.1Hz  at  24°C  for  Ti  =  11°C 

=  4194304.3Hz  "  "  Tj.  =  20°C 

=  4194304.6Hz  "  "  T±  =  35°C 

The  above  correspond  to  2.06  x  10“3  sec/day,  6.18 
x  10-3  sec/day  and  12.36  x  10-3  sec/day  respective- 
ij- 

Fig. 11  shows  the  frequency-temperature  charac¬ 
teristics  of  three  resonators  with  the  optimum  ad¬ 
justed  frequency  and  the  optimum  cut  angle  at  re¬ 
spective  inflection  point  temperatures. 

Table  1  shows  the  rate  of  acceptance  of  the 
watches  which  can  satisfy  the  requirement  of  yearly 
error  within  3  seconds  among  many  those  having  the 
resonators  of  each  three  kinds  of  inflection  point 
temperatures  in  the  case  where  the  frequency  at  24° 
C  is  adjusted  in  the  vicinity  of  the  optimum  ad¬ 
justed  frequency  within  the  extent  of  ±0.024ppm  and 
the  cut  angle  for  the  resonators  is  made  ±15" 
around  the  optimum  cut  angle  and  moreover  it  is 
supposed  that  the  aging  amount  of  the  frequency  of 
the  resonator  is  zero  throughout  one  year. 

It  is  understood  from  Table  1  that  the  highest 
accuracy  can  be  obtained  when  T±  is  20°C  among  the 
three  kinds  of  inflection  point  temperatures. 

Next  we  would  like  to  state  about  the  carrying 
accuracy  taking  the  aging  of  the  frequency  into 


280 


consideration  in  the  case  where  AT- cut  quartz  with 
the  inflection  point  temperature  of  20°C. 

First,  the  cut  angle  of  each  resonator  shall, 
as  shown  in  Fig. 12,  be  placed  in  the  range  of  ±30" 
in  the  vicinity  of  the  optimum  cut  angle.  Figs. 

13  and  14  Show  the  rate  of  acceptance  of  the 
watches  satisfying  the  yearly  error  within  5 
seconds  among  many  watches  whose  adjustment  fre¬ 
quency  at  24°C  has  been  adjusted  within  ±0.00206 
sec/day  and  ±0.00512  sec/day  respectively. 

From  Figs.  13  and  14,  the  following  two  cases 
may  be  considered  as  examples  of  the  conditions 
satisfying  the  rate  of  90%  when  the  AT-cut  quartz 
resonators  are  used. 

1.  Cut  angle:  ±30" 

Adjustment  accuracy :  +0.00206  sec/day 

Frequency  aging  amount:  within  0.2ppm/ 

year 

2.  Cut  angle:  +30" 

Adjustment  accuracy:  ±0.00512  sec/day 
Frequency  aging  amount:  within  O.lppm/ 

year 

The  above  is  the  description  about  the  watch 
and  it  is  presumed  that,  in  the  case  of  clocks,  the 
ingprovement  of  accuracy  is  made  possible  still  more. 

Trial  Production  of  Beveled 
Rectangular  AT-cut  Quartz  Resonator 

As  the  results  of  the  research  mentioned  in 
the  preceding  section,  one  having  the  inflection 
point  temperature  of  20°C  was  found  most  desirable 
for  making  highly  accurate  watches  as  the  resonator 
for  watches  among  the  AT-cut  quartz  resonators  hav¬ 
ing  the  inflection  point  temperature  of  11°C,  20°C 
and  35 °C. 

Then  as  the  results  of  having  strictly  select¬ 
ed  the  dimensional  ratio,  we  performed  trial  pro¬ 
duction  and  obtained  the  resonators  having  the  ex¬ 
cellent  temperature  characteristics  of  frequency 
and  equivalent  resistance  as  shown  in  Fig. 15.  The 
frequency-temperature  characteristic  shown  in  the 
said  figure  has  the  inflection  point  temperature 
of  about  18.8°C.  The  dimension  of  this  resonator 
is:  £/t=.  15.1,  w/t*=.2.5  and  ?-o/t -. 3.45.  The  fre¬ 
quency-temperature  curve  shown  in  the  said  figure 
is  quite  the  same  as  the  curve  recording  to  the 
theoretical  equation  by  Ariga  except  for  the  in¬ 
flection  point,  namely  the  shape  of  the  curve  is 
precisely  in  accord  with  the  theoretical  one  al¬ 
though  the  inflection  point  temperature  is  lower 
than  that  of  the  theoretical  value  by  9°C  approxi-  - 
raately. 

As  shown  in  the  figure,  the  equivalent  resis¬ 
tance  of  this  resonator  is  about  4012  in  the  range 
of  temperatures  of  -20°C  to  70°C. 

In  Fig. 16,  the  straight  line  B  shows  the 
change  of  the  inclination  of  the  frequency-tempera¬ 
ture  curve  at  the  inflection  point  temperature 
when  the  experimental  cut  angle  9  is  changed.  The 
straight  line  A  is  according  to  the  theory  of  the 
infinite  AT-cut  plate.  The  straight  lines  A  and 
B  is  nearly  in  parallel  and,  accordingly,  the 
variation  of  the  frequency-temperature  coefficient 
at  the  inflection  point  temperature  due  to  the 
variation  of  the  cut  angle  can  also  be  said  to 
have  the  nearly  same  value. 

Furthermore,  this  resonator  has  the  excellent 


mass-productivity  ana  the  yield  rate  of  our  trial 
production  of  many  resonators  was  considerably 
high.  The  production  tolerance  of  this  resonator 
is  in  no  way  inferior  to  the  resonator  reported  at 
the  last  Frequency  Control  Syrz>osium,cmd  is  also 
promising  in  the  aspect  of  mass-production. 

It  should  also  be  noted  that,  as  the  results 
of  the  shock  test  for  the  resonators  which  housed 
in  the  case  for  watches,  the  anti-impact  character¬ 
istics  of  this  resonator  was  found  by  no  means  in¬ 
ferior  with  our  data  reported  at  the  last  Frequency 
Control  Sync>osium.U^ 

Conclusion 

In  the  range  of  w/t=1.5  -  4.75,  there  is  a 
plural  number  of  ranges  of  w/t  where  the  frequency- 
temperature  curve  of  the  miniaturized  beveled  rec¬ 
tangular  AT-cut  quartz  resonator  is  the  cubic  curve 
in  the  vicinity  of  the  normal  temperature.  At 
least,  it  is  possible  to  realize  practically  the 
cubic  frequency-temperature  curve  in  the  three 
ranges  where  w/t=3.88  -  4.35,  w/t=3.2~3.5  and  w/t= 
2.1  -  2.9. 

When  w/t  is  larger  than  3.0,  as  reported  up  to 
now,  in  the  region  of  the  w/t  mentioned  above,  the 
inflection  point  temperature  of  the  frequency- 
temperature  curve  is  higher  than  that  of  the  infi¬ 
nite  AT-cut  plate  due  to  the  miniaturization. 
However,  in  the  case  where  w/t  is  in  the  range  of 
less  than  3.0,  a  new  theoretical  rule  can  be  ob¬ 
served  to  exist:  that  is,  the  inflection  point 
temperature  of  the  frequency-temperature  curve  can 
be  changed  continuously  in  the  range  of  -20°C  to 
+35 °C  at  least  as  the  w/t  changes.  The  last  men¬ 
tioned  frequency-temperature  characteristics  are 
considered  as  the  new  frequency-temperature  charac¬ 
teristics  for  the  AT-cut  quartz  resonator. 

For  the  resonator  having  these  new  frequency- 
temperature  characteristics,  the  inflection  point 
temperature  can  be  designed  most  properly  to  meet 
the  requirements  for  the  working  temperature  of 
the  apparatus  in  which  the  resonator  is  used. 
According  to  the  research  results  oy  means  of  the 
Monte  Carlo  method,  it  is  possible  for  us  to  pro¬ 
duce  watches  of  higher  accuracy  mainly  used  in 
Japan  than  those  using  the  conventional  AT-cut 
quartz  resonators  by  providing  the  resonator  with 
the  inflection  point  temperature  of  20°C  or  there¬ 
about. 
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Abstract 

Lee's  theory  of  extension,  flexure,  and  shear 
modes  in  bars  is  discussed.  Lee's  bar  constants 
are  tabulated  versus  the  crystal  angle  for  a  rota¬ 
ted  X-cut  quartz  bar.  The  dispersion  relations 
are  plotted  for  all  five  modes  for  a  -5  degree 
X-cut  quartz  bar.  Wavenumber  approximations  are 
used  to  convert  the  dispersi  :i'.  '-■'lations  into  fre¬ 
quency  equations. 

Approximate  inharmonic  frequencies  of  all  five 
modes  are  calculated.  These  types  of  inharmonic 
modes  do  not  appear  to  have  been  discussed  before. 
These  inharmonic  modes  have  phase  reversals  through 
the  width  of  the  bar.  Since  several  inharmonics 
on  each  overtone  of  the  five  modes  are  generally 
possible,  a  very  large  number  of  unwanted  modes  in 
zxtensional  and  flexural  crystal  resonators  can  be 
understood  in  terms  of  Lee's  model  as  extended  to 
include  the  inharmonics.  The  dependence  of  the 
frequency  of  these  modes  on  bar  width  and  length 
is  discussed. 


Introduction 

A  Mindlin  type  theory  of  extension,  width 
length  flexure,  width  shear,  transvgrse-shear,  and 
width  twist  in  5°  X-cut  quartz  bars  has  al¬ 

ready  been  reported. 1  '  For  a  bar  with  equal 
thickness  electrodes  the  dispersion  relations  for 
this  theory  separate  into  two  dispersion  relations: 
one  set  for  coupled  extension,  width  length  flex¬ 
ure,  and  width  shear  and  a  second  set  for  coupled 
transverse  shear  and  width  twist.  The  boundary 
value  solution  of  the  coupled  extension,  width 
length  flexure,  and  width  shear  has  been  reported 
in  detail. '  '  The  resonant  frequencies  calculated 
Uom  this  boundary  value  solution  agree  very  well 
with  experimental  frequencies  of  5°  X-cut  quartz 
bars.'"5’ 

In  this  paper  both  sets  of  dispersion  rela¬ 
tions  are  plotted.  Instead  of  solving  the  boun¬ 
dary  value  problem,  the  dispersion  relations  are 
converted  into  frequency  equations  by  a  pair  of 


(A) 

wave  number  approximations,  one  for  extension, 
width  shear,  transverse  shear,  and  width  twist  and 
a  second  for  the  width  length  flexure.  These 
approximate  frequency  equations  are  cubic  and  quad¬ 
ratic  functions  of  frequency  and  can  therefore  be 
solved  without  root  searches.  For  many  purposes, 
such  as  a  general  design  search  or  the  location 
and  identification  of  unwanted  modes,  the  present 
approximation  is  adequate.  For  these  purposes  the 
reduced  cost  of  the  computation  without  root 
searches  may  be  significant. 

The  Bar  Constants 

The  five  coupled  plate  differential  equations 
and  the. eight  plate  stress  components  developed  by 
Mindlin'5'  are  expressed  in  terms  of  the  zeroth 
order  and  first  order  dependence  of  elastic  dis¬ 
placement  on  plate  thickness.  In  the  Lee  bar 
theory  the  bar  is  a  slice  of  the  Mindlin  plate. 

The  plate  thickness  becomes  the  bar  width.  The 
plate  equations  are  integrated  through  the  bar 
thickness  (parallel  to  the  plane  of  the  plate)  to 
zeroth  order  only.  Forces  on  the  faces  normal  to 
the  bar  thickness  are  included  so  that  electrode 
effects  can  be  included  in  the  theory. 

The  bar  geometry  and  coordinate  system  are 
shown  in  Figure  1.  The  bar  length  is  along  x_,  the 
bar  width  is  along  x2>  and  the  bar  thickness  is 
along  Xj. 

The  plate  from  which  the  bar  is  sliced  is 
indicated  by  the  dotted  lines  parallel  to  the  x^ 
axis  in  Figure  1.  This  orientation  of  the  bar  was 
used  so  that  the  bar  electrodes  would  be  on  the 
natural  electrical  faces  of  the  quartz  and. so  that 
the  plate  equations  developed  by  Mindlin''  could 
be  used  in  the  derivation  without  revision.  This 
choice  of  orientation,  however,  makes  a  -5°  X-cut 
bar  into  a  -95°  X-cut  bar.  In  the  rest  of  this 
paper  the  rotation  angles  will  be  shifted  by  90° 
to  preserve  the  usual  notation  for  the  -5°  and 
+  18.5°  X-cut  bars. 

By  setting 


This  cut  has  been  called  +5°  or  -5°  by  various 
authors.  -5°  is  consistent  with  the. Cady  dia¬ 
gram'  and  the  new  IEEE  standard. 
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Tu<°)  =  0 


Tu(1)  -  0 


at  all  points  in  the  plate  and  by  setting 


T12(0)  =  0 


Tl3(0)  «  0 


tl3U)  ■  0 


where  pq  is  the  density  of  quartz,  t  is  the  thick¬ 
ness  of  one  electrode  and  T  is  the  quartz  thick¬ 
ness*  In  Equation  A  the  K.  and  K.  are  the  Mindlin 
plate  constant  corrections  to  make  the  approximate 
plate  theory  exact  for  long  wavelength  P^ate  solu¬ 
tions.  ,7J  For  this  paper  the  and  K.  for  the 
quartz  bar  and  for  the  electrode  Dar  are. 

K2m  =  K3  =K5m  =  1 

m  =  quartz  (q)  or  electrode  (e) 


IT2  fc22E  * 

=  24l 


C<<E  -[  (C??E  -  C44E) 


_L4(C2±il!l1/lj 


tK6q)2  5  TT 


T  T 

on  faces  at  —  and  +  y,  the  following  bar  con¬ 
stants  can  be  defined  for  quartz  and  electrode 
bars: 


<K4*>2 


Cj:*ms  C:jsm  -  -c-1i.Sm-x  CM Sl" 
'1  Sm 


C..*mr  sm 

IJ  *  W|) 


r33,m=r33sm 


y55*m*y5ss 


i  -  3  or  4 
j  *  3  or  4 


i  *  5  or  6 
j  =  5  or  6 


where  m  =  q  for  quartz  or  e  for  electrode. 

In  Equation  (3)  the  starred  constants  are  con¬ 
stants  for  bar  material  (m3q)  and  electrode  mate¬ 
rial  (m=e)  and  the  constants  with  superscript  "s" 
are  the  Mindlin  plate  constants.  A  matrix  tech¬ 
nique  for  calculating, the  C®.  and  the  ys. .  has  al¬ 
ready  been  reported. 

When  the  electrode  bars  are  attached  to  the 
faces  of  the  quartz  bar,  matching  of  stress  and 
displacement  components  may  be  expressed  as  changes 
in  the  bar  constants  (electrode  stiffening)  and  in 
the  bar  density  (electrode  mass).  The  bar  con¬ 
stants  including  electrode  stiffening  and  mass  are: 


where  the  C. .  are  the  constant  electric  field 
stiffnesses  of  the  quartz  bar.  The  bar  constants 
just  defined  result  from  removing  the  dependence 
of  u  '  '  and  ' ,on  x^  from  the  stress  equations 
for  the  plate,  p,'  ’  and  '  are  retained  in 
this  theory  as  independent  of  x^.  Figure  2  and 
Figure  3  show  how  the  eight  bar  constants  of  the 
Lee  theory  depend  on  the  orientation  of  the  quartz 
in  the  bar. 

As  mentioned  earlier  the  value  of  9  used  in 
Figure  2  and  Figure  3  is  not  the  same  as  that  de¬ 
fined  in  Figure  1.  The  90°  difference  is  to  make 
the  notation  for  the  two  common  extensional  mode 
bars  consistent  with  current  practice.  To  clarify 
this  change  the  angles  corresponding  to  length  (Z) 
along  Xj  or  X2  are  marked  on  Figure  2  and  Figure  3. 

The  Characteristic  Equation  For  The  Bar 

The  zeroth  order  and  first  order  bar  displace¬ 
ment  components  shown  in  Figure  A  are  solutions  to 
the  five  coupled  bar  differential  equations'  if 
the  following  set  of  homogeneous  equations  are 
satisfied  simultaneously: 


0  [D„)  0  (t>„) 


C jjb  =  Kj^Kj1'  Cj]**9  +  2  -f  K|eKj*Cjj*«  tj 

/ijb  •  rij*"  ♦  2  -f  rij-  , 


0  (On)  |/U  »»>«*►*♦  o,,)  0  (°3»1  I  I  •»0CO,|*0 


(°Ia)  0  0  (j(*¥)***,**>4«)  0  I  I 


and  pb  «  pQ  ♦  2  -f*  />* 


0  (Cis)  [°»]  0  1 1 


where  p  is  the  density  of  quartz  and  R=2-  . 

Sketches  of  the  approximate  shapes  of  the  five 
displacement  components''  '  are  shown  in  Figure  5. 
In  Equation  (5)  the  Dj.  (for  real  kg)  are  defined 
as  follows:  J 
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Dn  =  rk32  b2  C55>> 
0i4=-k3  b  CS6b 
°22  =  “k32  b2  C44b 
°23  s  -k32  b2  C34b 
023=  -k3  b  C44b 
033=  -k32  b2  C33b 
035=  -k3  b  C34b 
044  =  -  k32  b2  223>  -  C66b 

D55  =  -  k32  b2  -^-C44b 


B  =  -4-  (3  D55  +  D22  *  D33 ) 


C‘j2  <3  °33  D55  +  D33  022  +  3  D22  °S5 
-  3  0 35  D35  -  D23  D23  -  3  0j5  D25) 


and  0  =  ^-  (D22  D33  D55  -  D22  0S5  D35 
-  D23  023  055  ♦  023  D35  025 

♦  o25  d  23  035  -  025  o25  d33) 

The  determinant  condition  for  a  solution  to  the 
quadratic  part  of  Equation  (6)  may  be  written  as 


The  D..  in  Equation  (6)  are  written  in  terms  of  the 
bar  constants  described  in  the  preceding  section. 
Equation  (6)  therefore  includes  the  effects  of 
electrode  stiffening  and  mass.  In  Equation  (6)  kj 
is  the  wavenumber  for  waves  traveling  in  the  x- 
direction  (along  the  length  of  the  bar)  and  b^w /2. 

The  zero  values  of  coefficients  in  Equation 
(6)  result  from  using  electrodes  of  equal  thick¬ 
nesses  on  the  faces  of  the  bar.  Unequal  elec¬ 
trode  thicknesses  produce  nonzero  coefficients  and 
couple  all  five  mode  types  together. 

The  Dispersion  Relations 


[p(l  +  R)w2b2  +  Du]  [Di4] 


l  Dm]  [/5(Lr>a’2b2  *  D««] 


If  the  quadratic  expansion  of  equation  11  is 


E(wb)4  +  G(wb)2  +  H  =  0 


and  k^  is  real. 


The  determinant  condition  for  a  solution  to 
the  cubic  part  of  Equation  (6)  may  be  written  as 


E  =  t  P* 


[/>  (1  +  R)aj2b2  +  D22]  [D23]  [D2s] 


[  023]  [/>  (1  + R)tv2b2  +  033  ]  [D3S]  =0 

[023]  [D33]  [p(-L5£-)w2b2+ D53] 


Equation  (8)  may  be  expanded  into  a  cubic  equation 
in  (mb)  .  For  real  k-  tMs  cubic  can  be  solved  by 
the  trigonometric  method^  for  three  positive  real 
values  of  (10b)  . 

If  the  cubic  expansion  of  Equation  (81 


G=“/>(3D44  +Du) 


H  =  Du  D44  -Dh  D14 


Equation  12  is  quadratic  in  (mb)  and  can  be  sol¬ 
ved  by  the  ordinary  quadratic  formula. 

Although  some  of  the  D,,  become  imaginary  for 
imaginary  wave  number,  the  cubic  and  quadratic 
coefficients  (Equation  (10)  and  Equation  (13)) 
remain  real;  the  signs  of  some  of  the  coefficients 
change  when  jk3,  is  substituted  for  k^  in  the  equa¬ 
tions.  For  the  case  of  imaginary  k3,(k3=jk31)  the 
cubic  coefficients  become 


B'=  -j  (3  053'+  D22  +  033) 


(wb)6  +  B  (01b)4  +  C(wb)2  +  0=0 


and  k3  is  real, 


C'«  ( 3  DJ3  D55'  +  D33  D22  +  3  D22  D55 

+  3  D35  D35  -  D23  D23  ♦  3  D25  D25) 

D'=^j(D22  Djj  D3s'-D22  D  33  Dj5 

-  o23  d23  d55'  -  d23  d35  d25 

*  D23  D23  D3j  +  D25  D 23  D33) 


D5s'l-C44b  b2k3j2r33b 
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inodes.  ^  A  wave  number  approximation  for  the 
bar  flexure  has  been  reported.  ’  For  large 
wavenumber  this  approximation  may  be  given  by 


G'=i/>(3044'-  Oil) 

and  H  !  ■  On  044*-  Dj4  Dj4 

where  044'=  - Cs6b  +  •!- b2 k3i2y55b 


(n3  +  0.5)7T 
"3  l 


A  more  accurate  wavenumber  solution  can  be^obtained 
by  using  the  Mason  number  in  place  of  (nj+j)11-  *n 
this  paper  the  flexural  frequency  is  obtained  by 
using  the  wavenumber  approximation  as 


The  dependence  of  01  on  k.  has  already  been 
reported  for  the  extensions!,  width  length  flexure, 
and  width  shear  bar  modes. K  }  Figure  6  shows  the 
dispersion  relations  for  all  five  modes  of  this 
theory. 

Width  shear  and  width  twist  have  branches  with 
imaginary  wave  number  and  have  cut  off  frequencies. 
These  are  high  frequency  bar  modes.  The  other 
three  modes  have  branches  that  have  zero  frequency 
at  zero  wavenumber.  Extension  and  transverse  shear 
have  linear  dispersion  curves,  while  the  width 
length  flexure  has  a  shallow  positive  curvature  and 
the  frequency  approaches  zero  with  zero  dependence 
on  the  wavenumber.  Five  real  frequency  solutions 
exist  for  all  real  values  of  k-.  For  imaginary  k- 
near  zero,  there  are  three  real  frequency  solutions 
and  two  complex  frequency  solutions.  For  larger 
values  of  imaginary  k3,  there  is  one  real  frequency 
solution  and  four  complex  frequency  solutions. 

A  discussion  of  the  significance  of  these  complex 
frequency  solutions  is  beyond  the  scope  of  this 
paper. 


The  dispersion  relations  can  be  converted 
into  approximate  frequency  equations  by  assuming 
fbJ.t  the  length  of  the  bar  is  an  odd  number  of 
half  wavelengths.  This  approximation  amounts  to 
solving  the  boundary  conditions  on  the  bar  ends 
for  one  stress  or  displacement  component.  The 
other  stress  components  are  ignored  in  this  approx¬ 
imation. 

The  wave  number  approximation  consists  in 
setting 


k3  s  *  -p-  (16) 


in  the  dispersion  relations,  and  then  solving  for 
the  five  frequencies.  ‘  In  Equation  (16)  n^  is 
the  number  of  half  wavelengths  along  x.  and  L  is 
the  bar  length.  The  frequencies  of  extension, 
transverse  shear,  width  shear,  and  width  twist 
are  taken  from  this  calculation.  The  frequency 
of  the  flexure  is  not  given  correctly  by  this  cal¬ 
culation  because  the  boundary  condition  for  flex¬ 
ure  is  more  complex  than  that  for  the  other 


"here  M  (n3>  W/l)  is  the  root  of  a  transcendental 
equation  described  earlier. M(n  ,  W/L)  also 
depends  on  the  width  length  ratio  of Jthe  bar.  For 
the  four  nonflexures,  k3  from  Equation  16  is  sub¬ 
stituted  into  the  D  (Equation  (7))  and  five  fre¬ 
quencies  are  calculated  from  the  cubic  and  quad¬ 
ratic  equations  (Equation  (9)  and  Equation  (12)). 
The  flexure  frequency  from  this. set  is  discarded. 
For  the  flexure  calculation,  k-  from  Equation  18 
is  substituted  into  the  D  and  three  frequencies 
are  calculated  from  the  cubic  equation  (Equation 
(9)).  The  flexure  from  this  set  is  retained. 

Results 

Figure  7  shows  the  calculated  dependence  of 
Che  frequencies  of  the  three  low  frequency  modes 
on  the  ratio  of  bar  width  to  bar  length.  The 
extensional  frequency  in  this  theory  agrees  with 
experiment  within  1  Hz  at  1CT  Hz.  Overtones  of 
each  mode  type  involve  more  than  one  half  wave¬ 
length  along  the  bar  length.  Since  the  frequencies 
of  all  these  modes  depend  on  the  bar  width  as  well 
as  on  the  bar  length,  inharmonic  modes  of  each 
type  (corresponding  to  integral  numbers  of  half 
wavelengths  along  the  bar  width)  should  also  be 
observed.*  Figure  8  shows  how  the  width  length 
flexure  with  two  half  wavelengths  along  the  width 
and  five  half  wavelengths  along  the  length  should 
have  the  same  frequency  as  the  extension  when  the 
bar  has  a  width  length  ratio  of  0.08.  The  use  of 
proper  dimensional  ratios  to  avoid  the  frequency 
coincidences  between  extension  and  overtones  of 
width  length  flexure  is  well  known. A  width 
length  ratio  of  0.08  satisfies  the  usual  design 
rule.  With  the  inharmonic  width  length  flexure 
present,  the  design  rule  must  be  changed  or  the 
activity  of  the  unwanted  mode  must  be  suppressed. 

Frequencies  of  inharmonic  modes  of  thickness 
shear  and  thickness  twist  are  all  .higher  than  the 
fundamental  width  or  length  mode. This  is  due 
to  the  fact  that  these  modes  have  higher  frequen¬ 
cies  for  smaller  width  and  length.  As  shown  above 
the  inharmonic  frequencies  of  width  length  flexure 
occur  at  frequencies  lower  than  the  fundamental 
- 

These  inharmonics  of  low  frequency  modes  have 
not  been  discussed  before. 
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width  frequency.  The  different  behaviour  of  the 
flexural  inharaonics  is  due  to  the  fact  that  the 
flexure  has  a  lower  frequency  for  a  smaller  width. 

The  extensional  mode  frequency  drops  slightly 
with  increasing  bar  width, 1  '  so  that  the  exten¬ 

sional  width  inharmonics  should  be  above  the  funda¬ 
mental. 

The  width  inharmonics  and  length  overtones 
produce  a  very  large  number  of  unwanted  modes  in 
bars,  all  of  which  must  be  understood  and  control¬ 
led  by  the  resonator  designer.  Figure  9  shows  all 
the  mode  frequencies  within  +10  kHz  of  the  funda¬ 
mental  extensional  mode  for  a  -5°  X-cut  quartz  bar 
0.08  inches  wide  and  1.0  inch  long. 

The  activities  of  these  width  dependent  bar 
modes  should  be  strongly  affected  by  the  method  of 
lead  attachment  and  by  the  bar  symmetry. 

Other  low  frequency  modes  that  are  not  discus¬ 
sed  in  this  paper  also  appear  as  unwanted  modes  in 
bars.  These  include  length  torsion  and  length 
thickness  flexure.  Although  a  discussion  of  these 
unwanted  modes  is  beyond  the  scope  of  this  paper, 
it  is  worth  mentioning  that  these  modes  should  also 
have  inharmonics  corresponding  to  multiple  phase 
reversals  along  the  bar  width. 

Conclusions 

The  bar  equations  developed  by  Lee  have  been 
studied  for  X-cut  quartz.  The  eight  bar  constants 
of  this  theory  are  plotted  versus  the  orientation 
of  the  quartz.  Dispersion  relations  for  all  five 
modes  are  plotted.  Width  shear  and  width  twist 
are  high  frequency  width  modes  and  have  cutoff 
frequencies  and  frequencies  with  imaginary  wave- 
number  along  the  bar  length.  Extension  and  trans¬ 
verse  shear  are  low  frequency  length  modes  with  a 
linear  dependence  of  frequency  on  real  wavenumber. 
The  zero  frequency  for  zero  wavenumber  (long  wave¬ 
length)  means  that  these  modes  have  low  frequen¬ 
cies.  The  width  length  flexure  also  has  zero  fre¬ 
quency  for  zero  wavenumber,  but  it  has  a  shallow 
positive  curvature.  The  dispersion  relation  for 
this  mode  approaches  zero  wavenumber  with  zero 
slope.  Thus  the  width  length  flexure  has  the  low¬ 
est  frequency  of  the  five  modes  considered. 

Inharmonic  modes  of  the  low  frequency  modes 
have  been  described  for  the  first  time.  For  the 
width  length  flexure  these  modes  occur  at  frequen¬ 
cies  below  the  corresponding  length  mode  and  have 
multiple  phase  reversals  along  the  bar  width. 


Many  of  the  length  overtones  and  width  inharmonics 
of  the  low  frequency  modes  are  unwanted  modes  in 
bars.  The  activities  and  frequencies  of  these 
modes  must  be  controlled  by  the  designer  of  low 
frequency  resonators. 
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COORDINATE  SYSTEM  AND  DIMENSIONS 


DEPENDENCE  OF  SELECTED  QUARTZ 
BAR  CONSTANTS  ON  ANGLE  OF  ROTATION 
AROUND  Xi  AXIS 


Figure  1  -  Bar  Geometry  and  Coordinate  System 


DEPENDENCE  OF  SELECTED  QUARTZ 
BAR  CONSTANTS  ON  ANGLE  OF  ROTATION 
AROUND  Xi  AXIS 


ANGLE  OF  ROTATION  AROUND  X!  AXIS  (DEGREES) 

Figure  2  -  Dependence  of  Selected  Bar  Constants  on  the 
Orientation  of  the  Bar. 


ANGLE  OF  ROTATION  AROUND  Xx  AXIS  (DEGREES) 

Figure  3  -  Dependence  of  Selected  Bar  Constants  on  the 
Orientation  of  the  Bar. 
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Figure  4  -  Bar  Displacement  Components. 


(u,<0>)  (u3<0)) 

Figure  5  -  Bar  Displacement  Component  Shapes. 
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DISPERSION  RELATIONS  FOR  FIVE  MODES 
IN  A-5°  X-CUT  QUARTZ  BAR 


Figure  6  -  Five  Dispersion  Relations  for  -5°  X-cut  Quartz 
Bar.  WDS  =  Width  Shear;  EXT  «*  Extension; 

WTW  =>  Width  Twist;  TRS  =  Transverse  Shear; 

WLF  =  Width  Length  Flexure 


LOW  FREQUENCY  LENGTH  MODES 
IN  -5°  X-CUT  QUARTZ  BARS 


Figure  7 

-  Calculated  Dependence  of  the  Frequencies  of 
Three  Low  Frequency  Bar  Modes  on  the  Ratio  of 
Width  to  Length.  WLF  =*  Width  Length  Flexure; 
EXT  =  Extension;  TRS  =>  Transverse  Shear 


INHARMONIC  WIDTH  MODES 
IN  -5°  X-CUT  QUARTZ  BARS 


MODES  IN  a- 5°  x-CUT  QUARTZ  BAR 


LENGTH  =  1.0  INCHES  (x2') 
WIDTH  =  0.08  INCHES  (x,>) 
THICKNESS  =  0.02  INCHES  (x,) 


MODES  WITH  FREQUENCIES  WITHIN  ±10kHi  OF  E(l,l) 


FREQUENCY  (Hi) 

MODE  (A,B) 

110695 

MT(l.l) 

110776 

6X1(1,?) 

110617 

6X1(1, 3) 

111460 

6X1(1, 4) 

113744 

6XT(1,5) 

116981 

6X1(1,$) 

119010 

6X1(1, 7) 

111931 

1411(5,2) 

107153 

1411(6,3) 

101434 

1411(7,4) 

112167 

1*11(8,5) 

117245 

1*11(9,6) 

8  =  HALF  WAVELENGTHS  ALONG  LENGTH 


8  =  HALF  WAVELENGTHS  ALONG  WIDTH 


Figure  R 

An  Inharmonic  Width  Length  F-exure  for  a  -5° 
X-cut  Quartz  Bar.  WLF  »  Width  Length  Flexure; 
EXT  »  Extension 


Figure  9 

Unwanted  Mode  Frequencies  near  the  Extensional 
Mode  of  a  -5°  X-cut  Quartz  Bar. 

EXT  =  Extension;  WLF  »  Width  Length  Flexure 
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NONLINEAR  VIBRATIONS  OF  QUARTZ  RODS 


H. F.  Tiersten 

Department  of  Mechanical  Engineering,  Aeronautical  Engineering  S  Mechanics 
Rensselaer  Polytechnic  Institute,  Troy,  N.Y.  12181 

A.  Ballato 

U.S.  Army  Electronics  Technology  and  Devices  Laboratory 
USERADCOM,  Fort  Monmouth,  N.J.  07703 


Abstract 


A  one-dimensional  scalar  nonlinear  differential 
equation  describing  the  extensional  motion  of  thin 
piezoelectric  rods  oriented  in  an  arbitrary  direc¬ 
tion  with  respect  to  the  principal  axes  of  the  cry¬ 
stal  is  obtained  from  the  general  nonlinear  three- 
dimensional  equations  of  electroelasticity.  Only 
the  elastic  nonlinearities  are  included  in  the  de¬ 
scription.  The  electrical  behavior  is  taken  to  be 
linear  since  quartz  has  small  piezoelectric  coupling. 
The  treatment  provides  the  relation  between  the 
quadratic  and  cubic  nonlinear  extensional  coeffici¬ 
ents  of  the  rod  and  the  fundamental  anisotropic 
elastic  constants  of  second,  third  and  fourth  order, 
along  with  the  well-known  relation  between  Young' s 
modulus  and  the  fundamental  second  order  elastic 
constants.  The  quadratic  rod  coefficients  are  cal¬ 
culated  for  various  orientations  of  quartz  rods  with 
respect  to  the  principal  axes  of  the  quartz  crystal. 
Such  calculations  cannot  be  performed  for  the  cubic 
rod  coefficients  because  the  fourth  order  elastic 
constants  of  quartz,  on  which  the  cubic  coeffici¬ 
ents  depend,  are  not  presently  known.  The  nonlinear 
extensional  equation  is  applied  in  the  analysis  of 
intermodulation  in  quartz  rods.  A  lumped  parameter 
representation  of  the  solution,  which  is  valid  in 
the  vicinity  of  a  resonance,  is  obtained  and  the 
influence  of  the  external  circuitry  is  included  in 
the  treatment.  In  particular,  the  results  of  this 
analysis  can  be  used  along  with  measurements  to 
evaluate  the  cubic  rod  coefficients  for  the  practi¬ 
cal  5°  X-cut  quartz  rod. 

1.  Introduction 


The  steady  state  solution  of  the  nonlinear 
system  is  determined  at  an  intermodulation  fre¬ 
quency  by  straight-forward  iteration  from  the 
linear  solution.  The  intermodulation  current-volt¬ 
age  relation,  which  is  valid  in  the  vicinity  of  a 
resonance,  is  obtained  and  the  crystal  is  incorpo¬ 
rated  in  the  test  circuit  and  the  relation  between 
the  intermodulation  and  driving  voltages  is  deter¬ 
mined.  This  relation  and  the  calculated  quadratic 
rod  coefficients  can  be  used  along  with  measurements 
to  determine  the  cubic  rod  coefficients  for  any  de¬ 
sired  orientation  of  quartz  rod,  including,  of 
course,  the  practical  5°-X-cut. 

It  should  be  carefully  noted  that  the  coupling 
between  extension  and  flexure,  which  can  exist  in 
an  anisotropic  rod,  is  not  included  in  this  descrip¬ 
tion.  However,  since  the  coupling  of  a  high  over¬ 
tone  of  flexure  with  a  low  extensional  mode  occurs 
only  for  certain  well  separated  geometries2,  the 
equation  for  the  anisotropic  rod  presented  here  is 
valid  for  all  other  geometric  ratios.  This  means 
that  the  equation  is  valid  for  almost  all  geometries 
and  certainly  for  all  practical  cases. 

2.  Nonlinear  Equations 

The  stress  equations  of  motion  and  charge  equa¬ 
tion  of  electrostatics  for  an  electroelastic  solid 
with  smaxl  piezoelectric  coupling  may  be  written  in 
the  form1 


K 


LM,  L 

v 


(2.1) 

(2.2) 


The  one-dimensional  scalar  differential  equa¬ 
tion  describing  the  extensional  motion  of  thin 
piezoelectric  rods  is  obtained  from  the  general1  non¬ 
linear  three-dimensional  description  by  means  of  an 
iterative  procedure.  Only  the  elastic  nonlineari¬ 
ties  are  considered.  The  relation  between  the 
quadratic  and  cubic  coefficients  of  the  rod  and  the 
fundamental  anisotropic  elastic  constants  of  vari¬ 
ous  orders  is  derived.  The  quadratic  rod  coeffi¬ 
cients  are  calculated  for  various  orientations  of 
quartz  rods  with  respect  to  the  principal  axes  of 
the  crystal  but  not  the  cubic  rod  coefficients  be¬ 
cause  the  fundamental  elastic  constants  of  fourth 
->rder,  which  are  required  for  the  calculation,  are 
not  presently  known. 


The  symbols  p°,  uH,  Klh  and  D^,  respectively,  denote 
the  reference  mass  density,  the  mechanical  displace¬ 
ment,  the  Piola-Kirchhoff  stress  tensor  and  the 
electric  displacement  vector.  For  purposes  of  this 
treatment,  the  constitutive  equations  for  KlH  and 
Dt  along  with  the  electric  field-electric  potential 
relations  may  be  written  in  the  form1 
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should  takes  al.l  KLM  =  0  except  Kj.1*  Under  these 
circumstances  ail  that  remains  of  Eqs. (2.1)  is 


E  i  E 

K=c  u  — e  E  +  —  c  u  u 
LM  2LHRS  R,S  RLM  R  2  2I-MRS  K,R  K,S 

E  IE 

+  c  uu  +  —  c  uu 

2LKRS  M,K  R,  S  2  3LMKNRS  K,N  R,S 

1  E  1 

+  —  c  uuu  +  —  c  uuu 

2  2I-NRS  M,N  K,R  K,S  2  3LKRSNJ  M,K  R,  S  tl,J 

+  i  c  uuu  +i  c  uuu. 

2  3LMRSNJ  R,S  K,N  K,  J  6  4LMRSNKIJ  R,S  N,K  I,  J  ’ 


D  =  e  U  +6  E  ,  E  =  —  cp  .  (2.4) 

L  LNK  N,K  LK  K’  K  Y,K' 


where,  in  view  of  the  small  piezoelectric  coupling 
in  quartz,  we  have  included  nonlinear  elastic  terms 
only  and  kept  the  electric  and  electroelastic  terms 
linear,  in  accordance  with  the  discussion  in  the 
Introduction.  In  (2.3)  and  (2.4)  cp  is  the  electric 
scalar  potential  and  g^Hns,  §Imxnrs  ,  Cumrsnici  j, 
and  el*  are  the  second-order  elastic,  third-order 
elastic,  fourth-order  elastic,  piezoelectric  and 
dielectric  constants,  respectively.  The  associated 
boundary  conditions  at  the  surface  of  the  piezo¬ 
electric  solid  are  on  NLKLH  or  uH  and  NUD,_  or  cp, 
where  denotes  the  unit  normal  to  the  undeformed 
surface. 

A  schematic  diagram  of  the  piezoelectric  rod 
is  given  in  Fig. 1, where  21  »  2w  >  2H  and  the  sur¬ 
faces  normal  to  X3  are  fully  electroded.  Since  we 
are  interested  in  solutions  which  vary  slowly  com¬ 
pared  with  2h,  to  lowest  order  the  electrical 
variables  may  be  written  in  the  form3'4 

E  -*,«<),  E3  =  -V/2h,  D3  =  D3(Xx,X2,t)  ,  (2.5) 

where  V  is  the  voltage  across  the  electrodes,  and 
Dj  and  Da  are  negligible  to  this  order  as  are  devi¬ 
ations  from  what  is  shown  in  (2.5).  Since  the 
electrical  behavior  is  linear  and  the  linear  elec¬ 
tric  constitutive  equation  adjusted  for  the  rod  is 
well  known4 ,  it  is  convenient  to  omit  the  electric 
field  Ek  from  (2.3)  while  obtaining  the  nonlinear 
rod  equation  and  then  introduce  the  known  electric 
quantities  suitably  adjusted  for  the  rod. 

Since  we  are  interested  in  wavelengths  of  the 
order  of  i  and,  hence,  solutions  varying  slowly 
compared  with  h  (and  w),  both  the  inertia  and  stiff¬ 
ness  of  the  electrodes  are  negligible  and  with  the 
rod  axis  along  Xx  we  have  the  boundary  conditions 

K2m=°  at  X2  =  ±w,  k3h=0  at  X3  =  ±h.  (2.6) 

Since  for  the  low  frequencies  of  interest  the  solu¬ 
tion  varies  slowly  compared  to  the  cross-sectional 
dimensions  and  flexure  is  uncoupled  from  extension, 
which  we  are  considering,  we  have6 


u  «  0  ,  u  0 , 


which  is  the  basic  differential  equation  for  the 
anisotropic  rod.  We  must  now  find  the  nonlinear 
relation  between  Klx  and  u1(1.  This  is  done  in  the 
next  section. 

3.  Nonlinear  Anisotropic  Rod  Equations 

Since  all  Piola-Kirchhoff  stress  components 
have  been  taken  to  vanish  except  Kn ,  Eq. (2. 3)  can 
be  put  in  a  more  useful  form  by  operating5  with  the 
reciprocal  of  the  second  order  elastic  constants 
which  are  the  elastic  compliances  SABCD, 
to  obtain 

SAB11K11  =  UA,  B  +  2  UK,  AUK,  B  +  SABLMHLM >  (3, 1) 


H  =  c  UU  +  —  C  uu  + 

LM  2LKRS  M,K  R,S  2  3LMKNRS  K,N-R,S 

—  c  uuu  +  —  c  uuu  + 

2  2LNRS  M,N  K,R  K,S  2  3LKRSNJ  M,K  R,S  X,  J 

—  c  uuu  +i  c  uuu. 

2  3LMRSNJ  R,S  K,N  K,J  6  4LMRSNKIJ  R,S  N,K  I,J 


For  purposes  of  this  work  it  is  convenient  to  write 
the  nine  equations  in  (3.1)  as  two  separate  equa¬ 
tions,  one  for  A  =  B  =  1  and  the  other  eight  for 
AB  T5  11,  thus 

1  1  S11LM 

Kn  =  euu  V  +  2Slm  UK,1UK,1  +  8im  hlm  * 

(3.3) 

UA,  B  ”  SAB11K11  "  2  UK,  AUK,  B  ”  SABLM^LM  >  AB  ^  11  • 


The  iterative  procedure  consists  of  first 
solving  the  linear  portion  of  (3.3)  for  o^n,  where 
the  zero  denotes  the  order  of  the  iterate,  and  then 
substituting  into  the  linear  portion  of  (3.4)  to 
obtain  0u»,b>  Then  the  0uAl  B  substituted  into 
the  quadratic  terms  in  (3.3),  with  (3.2),  to  obtain 
lKll>  which  is  then  substituted  into  (3.4)  along 
with  the  substitution  of  0uA,  B  into  the  quadratic 
terms  to  obtain  iUa,b.  Finally,  theiuA(  B  is  sub¬ 
stituted  into  both  the  quadratic  and  cubic  terms  in 
(3.3),  with  (3.2),  and  only  quadratic  and  cubic 
terms  in  ulfl  are  retained  to  obtain  3Kn.  Accord¬ 
ingly,  the  zeroth  iterate  takes  the  form 

X  =  1>1  ,  u  =  — —  u  ,  (3.5) 

0  11  Sllll  0  A’B  Sllll  1,1 
and  we  note  that  in  the  linear  limit  the  relaxation 
of  stresses  results  in  inhomogeneous  strains  and 
zero  inhomogeneous  rotations5  so  that  we  have 


u  a  u 
o  A,  B  o  B,  A 


but  it  must  be  remembered  that  all  uK(  H  exist.  In 
addition,  on  account  of  (2.6),  (2.7)  and  the  afore¬ 
mentioned  slow  variation,  from  (2.1)  we  see  that  we 
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We  further  note  that  although  AE^  11,  the  form  of 
(3.5)2  reveals  that  for  the  zeroth  iterate  we  may 
allow  AB=-11.  The'  first  iterate  takes  the  form 

1K11  =  S^U1,1  +  P(U1,1)2  ’  (3-' 

Q 


^  =  3  [_2  SK111SK111  +S11LM2LKESSMK11SRS11  + 

Sllll 


2  SllLM3LMKf®SSKNllSHSll]  »  9AB  SABll  ^  ~ 

~2  [2  skaiiskbii+sabi.m|ekessmkiisrsii  + 

1111  1  n 

2  SABLM%.MKNESSKN11SRS11  J  ’ 

and  the  carets  over  the  indices  indicate5  that  both 
indices  cannot  simultaneously  take  the  value  1. 

The  second  iterate  takes  the  form 

2K11  =  CU1J1+P(U1,1)2+Y(U1)1)3’  (3-U> 


Sllll  ^  K1119^ 

MKll  „  A  SRS11  „  \ 

Vs.,,,  9fS  s.,,,  9mk' 


11lm2i,krsVs1:!11  s1 

SKN11 

shlh3Lmknrs  sliu  9fts 


_  .(  T  Sll 

3  ^33_SnJ  3‘ 


The  substitution  of  Eq. (3.15)  in  (2.8)  yields  the 
differential  equation  of  motion  of  the  anisotropic 
rod  and  the  boundary  conditions  consist  of  the 
specification  of  KX1  or  ux  at  the  ends  of  the  rods 
=  ±f.  After  a  solution  has  been  obtained,  the 
current  I  can  be  calculated  from  the  relation 
j t 

I  =  2w  J  i>3  dX^  ,  (3.17) 

-l 

where  in  (3.15)  and  (3.16)  is  related  to  the 
driving  voltage  V  by  (2.5)2. 

The  quadratic  rod  coefficient  0  has  been  calc¬ 
ulated  from  (3.9)  for  a  number  of  orientations  of 
quartz  rods  and  the  results  are  plotted  in  Figs.  2-4. 
Ihe  ordinary  rod  constant  c  is  plotted  along  with 
-0  in  each  figure.  The  quadratic  rod  coefficient  0 
is  always  negative  and  ranges  in  value  from  about 
-c  to  about  -5c.  Figure  2  is  for  the  rotated  X- 
cuts  with  0  =  0°  corresponding  to  the  rod  axis  along 
the  crystallographic  Y-direction.  The  locations  of 
the  +5°  -  MT-  and  -18. 5°  -  X-cuts  are  shown  in  the 
figure.  Figure  3  is  for  the  rotated  Y-cuts  with 
0  =  0°  corresponding  to  the  rod  axis  along  the  crys¬ 
tallographic  X-direction.  This  figure  exhibits  the 
2-fold  symmetry  of  quartz  with  X  the  digonal  axis. 
Figure  4  is  for  doubly  rotated  cuts  with  0  =  0° 
corresponding  to  the  rod  in  the  X-Y  plane  at  +45° 
from  the  X-axis.  In  Figs. 2-4  0  =  ±90°  corresponds 
to  the  rod  axis  along  the  crystallographic  2- 
direction. 

4.  Interraodulation  in  Rods 


\2Lnrssmniiskrusksu  + 


3LKRSNJSHK11SRS11SNJ11  +  SLMRSN^RSl^KNl^KJll 

+  3  ^LMRSIWIJ^RSll^NKll^I Jll)j  ’  (3- 12> ”  <3- 13 1 

and  0  is  given  in  (3.9).  By  virtue  3f  the  meaning 
of  the  carets  discussed  earlier,  we  have  the  con¬ 
vention 

gf-  =  0  for  MK  =  11  .  (3.14) 

MK 

Equation  (3.11),  with  (3.9),  (3.12)  and  (3.13), 
gives  the  relation  between  Kj  1  and  ult  t  we  have  been 
after. 

In  accordance  with  the  discussion  in  Sec, 2  we 
now  write  the  constitutive  equations  for  the  aniso¬ 
tropic  piezoelectric  rod  by  introducing  the  known 
results* ,s  for  the  linear  piezoelectric  rod,  which 
with  (3.11)  enables  us  to  write 

,2  ,3  d311  „ 

K  =cu  +  P(u  .)  +Y(u.  .)  -  g - E 

11  1,1  1,1  1,1  S  3 


In  this  section  we  briefly6  consider  the  prob¬ 
lem  of  intermodulation  in  piezoelectric  rods.  For 
clarity  we  reproduce  certain  of  the  pertinent  equa¬ 
tions  obtained  in  Secs. 2  and  3  here.  The  stress 
equation  of  motion  and  charge  equation  of  electro¬ 
statics  for  the  piezoelectric  rod  take  the  form 


11  1,1 


and  c,  0  and  y  are  given  in  (3.12),  (3.9)  and  (3.13), 
From  (2,5)3  we  have 

where  V  is  the  magnitude  of  the  applied  voltage  and 
is  is  the  steady  driving  frequency.  For  a  rod  free 
at  both  ends  the  boundary  conditions  are 

KH=  °  at  Xx=  ±1  .  (4.5) 


KU,1=P°V  D3,3  =  ° 

> 

(4.1) 

+  ^  (Ul,  l,)2  +  Y  («1, 1>3  - 
2 

fli  E 

S11  3' 

(4.2) 

d3i  (  T  d31\ 

Su  Ul,l  '33  '  Su) 

E3' 

(4.3) 
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in  which  Q,  is  the  unloaded  quality  factor  of  the 
resonator  in  that  mode,  and  serves  to  prevent  the 
resonant  denominator  from  vanishing  at  a)  =  C4, . 


Since  the  asymptotic  solution  to  the  nonlinear 
problem  is  obtained  by  iteration  from  the  solution 
of  the  appropriate  linear  problem,  we  begin  the 
analysis  with  a  brief5  presentation  of  the  solution 
of  the  associated  linear  problem.  As  a  solution  of 
the  linear  problem,  i.e.,  Eqs.  (4.1)x  and  (4.5), 
with  (4.2)  in  the  absence  of  {5  and  y,  we  write 

our(ou-|ffiJ  ei<ot>  (4-6) 

the  substitution  of  which  in  (4.1)xand  (4.5)  yields 
o  2  o  2  d3l 

CoU,ll  +  p  tu  oU  =  P  ®  liT  Wl>  (4-7) 
Ou  x=o  at  Xx=±f  .  (4.8) 

The  eigensolutions  of  the  homogeneous  form  of  (4.7) 
and  (4.8)  may  be  written  in  the  form 
ito  t 

u  =ue  n  ,  u=a  sin  Tl  X,  ,  (4.9) 

Inn  ’  n  n  h  1  ’ 


provided? 


p0<Un =  c^n  ’  \  =  n0dd*  (4*10) 


We  write  the  solution  of  the  forced  vibration  prob¬ 
lem  in  the  form 

o"1An  sin  Vl>  (4-U) 

the  substitution  of  which  in  (4.7)  yieldss 


8je(-l)  Z  d  V 

V  „  2,  2'  „  2  2  *  <4’12> 

[  (u)  /to  )  -  1]  n  n  2h 
n 

on  account  of  the  orthogonality  of  (4.9)z  and 
(4.10)2  .  Since  (4.12)  has  a  resonance  denominator, 
in  the  vicinity  of  a  resonance,  say  the  Nth,  one 
term  in  the  series  in  (4.11)  dominates  and  with 
(4.6)  we  have 

r  NTTX,  d31Vu>  . 

oUl "  [lAn  Sin  —  '  2h  Xl]  ^  ’  <4' 13> 

where  we  have  introduced  the  notation  114,  and 

lAo  bo  denote  the  quantities  at  driving  frequency  . 

Substituting  from  (4.13)  and  (4.4)  at  life  into  (4.3), 

which  is  then  substituted  into  (3.17),  we  obtain 

T  t  2 

e33  r  8(k31>  1 

I  =  4w  fill)  -5^  1  +  -  —r-  - -  V  , 

“l  1  2h  -  V 

*  1  (4.14) 


where  we  have  made  the  identification  I™  =  -  I  at  % 
since  at  life  the  crystal  is  passive6  and^ 

<k31>  =  d31/,SllS33  1  (**.15) 

and  we  have  replaced  life  by  5^  where 


Since  we  are  interested  in  intermodulation  due 
to  the  simultaneous  application  of  test  tones  to 
the  resonator  at  two  nearby  frequencies  1%  and  life, 
both  of  which  are  in  the  neighborhood  of  14,,  we 
consider  the  steady-state  linear  solution  to  the 
vibration  problem  already  presented  in  this  section 
to  be  at  the  frequencies  life  and  life.  Moreover, 
since  we  are  interested  only  in  the  situation  in 
which  the  intermodulation  frequency  fi  is  in  the 
vicinity  of  1%,  only  certain  combinations  of  the 
nonlinear  frequency  products  are  significant.  An 
examination6  of  the  form  of  (4.2)  along  with  a  con¬ 
sideration  of  the  foregoing  statements  and  previous 
experience6  reveals  that  only  the  frequencies  of 
(21% -life)  and  (2ufe-tife)  are  of  interest  in  our  in¬ 
termodulation  study.  Furthermore,  it  is  sufficient 
for  our  purposes  to  determine  the  response  at 
(2tife  -life)  only  because  the  response  at  (2ufe-u)x) 
can  then  be  obtained  simply  by  an  interchange  of 
the  subscripts  1  and  2. 

Since  we  are  interested  in  the  response  at 
(2ufe  -life)  only,  the  form  of  (4.2)  reveals6  that  «e 
need  determine  the  first  iterate  solution  xux  due 
to  the  quadratic  nonlinearity  only  at  2d)!  and 
(life  -  life ) .  Furthermore,  in  the  interest  of  brevity 
we  obtain  xux  at  2ufe  only  and  simply  present  the 
changes  in  the  result  at  (life  -  life ) .  The  first 
iterate  equation  at  2tife  is  obtained  by  substitut¬ 
ing5  oui  in  (4.13)  in  the  quadratic  term  in  (4.1)x, 
with  (4.2),  while  ignoring  the  constant  term  and 
neglecting  the  term  without  a  resonant  denominator6 
to  obtain 


C  1U1,11"P 


2Vi  i2tV 

1 — e 


Since  the  boundary  condition  is  given  by  (4.5),  by 
virtue  of  (4.10)  the  solution  for  xux  takes  the 

f0ETO  .  d31V2io  ,  i2u)  t 

lul  =  feBmsinVl--2)Tixile  ’  (4'18) 


E  B  sin'll  X 
,m  m  in  i. 


where  the  Bt  are  obtained  from  the  orthogonality  of 
the  sin  T)1Xl.  Including  only  one  term6'7,  say  the 
Mth,  in  the  series  in  (4.18),  we  have 

M-l 


d31V2ll), 


2  ip  (4u)x  -  JH)  ( (1^411)^ )  -  1)  M  n  2h 


21  fsin(2N-  M)tt/2  sin (2N  +  M)v/2~\ 

PNM  °  ~  '  2N-  M - 2NTM - J  '  (4'20) 


Substituting  from  (4.18)  and  (4.4)  at  2iife  into 
(4.3),  which  is  then  substituted  into  (3.17),  we 
obtain 


0)  =  U)  +  iiu  /2Q 
N  N  N  N 


(4.16) 
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T  ,2 

e33  r  8  k31^  1 

s r l>  S 

+  i2u)  2w  NY^2"  >  <4-21) 

X  S,  _  a  o  . .  “  a^. 

11  Xp  (4ux  -  u>  ) 

X  M 


where  we  have  made  the  identification  I2u^  =  I  at 
2uii  since  at  2(1^  the  crystal  is  active5.  In  a 
similar  way,  including  only  the  Mth  term5'7,  at 
(<%  -  life  )  --  Of,  we  obtain 

1U1  =  ^CM  Sln  Vl  2h  Xl]  e  (4'2 


c  8i(~l)  2  d3iv* 

M  2Xp°  (a2  -  to2)  [  (to^/c2 )  -  1]  M2TT22h 


pd31  \«24\+AV  9  y  si  SX 


8(kn>2 


33  r  '  31'  1 

*  2h  L  n2M2[(^a-2)-l)J  a 

.  „  d31  ^l^N  2An\PNH 

+  iar2wi7T  ~~~~TT-  »  (4-24) 

11  Xp  (O'  -  coM) 

where  *  denotes  complex  conjugate. 

Ohe  second  iterate  equation  at  0=  (2u^  -  Wg ) 
is  obtained  by  substituting  the  appropriate  expres¬ 
sion5  for  iUj,  i.e.,  a  linear  combination  of  the 
first  iterate  solution  functions  at  u^,  u>g,  2(1^  and 
a,  in  both  the  quadratic  and  cubic  terms  in  (4.1)! 
with  (4.2),  neglecting  terms  without  resonance  de¬ 
nominators  compared  to  terms  with  resonance  denom¬ 
inators  and  retaining5  all  terms  of  order  1 7% 
and  proportional  to  es  nt  with  the  result 

c  2U1, 11  “  p  2U1  =  2  [ (1ANBM  + 

+  iWWVlnYi cos  Yi 

+  \sinVi cos  W  -i  -sr  (2anV 


+  iW  sin  vJ elC 


+ !  v  1  an  2aX  cos2  Vl sin  Vieint  •  (4-25) 

Retaining  the  one  dominant  term  in  the  series  solu¬ 
tion  for  gU| ,  we  have5 

2ui  =  [s  sin  Vi  -  4r  Vi] el0t »  (4-26) 


and  with  the  aid  of  the  orthogonality  of  the 
sin  T^X!,  we  find 

N-l 


8A("1)  d3ivn  +  _§_  <  A*B 

.-2^2 . 2  2  o  2  N  H 


°N  ((a)2j/02)  -  l]!!2n22h  2Xp 


+  iWVV/VnM  +  - 


4h  o  2  /.2 

P  (0  -»„) 


16  o,n2  -2,  ' 

P  ~V  (4.27) 


sin  V  i  rsin(2W* 

\’M=  T)m  ”  2  L  2^  +  T^ 

sin(2T)tJ-  1)H)^-| 

+  2V\ 

Substituting  from  (4.26)  and  (4,4)  at  f)  into  (4.3), 
which  is  then  substituted  into  (3.17),  we  obtain 
T  X  2 

e33  r  8(k31j  1 

I  =  -  4wXifi  -sr-  1  +  -5-5 - -  |  V 

0  2h  L  n2N2[  (u)2/f)2)  -  1)  •  “ 

N-l  15 


+  if)2w 


!»  eta 2  r,  A*B 

S„  0^2  2  *2  ,,  _  2B  H 

11  p  HU  (0  /(«N)  -  1) 


+  iWU  -T  -  “TiT  <2^ +  iWl 

N-l 

2  ,4.28, 

ii  p  «>N  [  (fi  /u>N)  - 1] 


where  we  have  made  the  identification  In  =  I  at  0 
since  the  crystal  is  active5  at  0  and 


rNM  Vnm  +  2 


A  schematic  diagram  of  the  circuit,  which  is 
driven  at  the  two-test  tone  frequencies  and  life, 
is  shown  in  Fig. 5,  where  Vf  is  the  driving  voltage, 
Rt  the  generator  resistance  and  RL  the  load  resist¬ 
ance.  Application  of  Kirchhoff 1 s  voltage  equation 
to  the  circuit  shown  in  Fig.  5  at  Wj.  and  Ofe  yields 
the  two  equations 


,V  +1  (R 
1  g  g 


(R  +RJ  +  V  =  0  . 
g  X  (u. 


2vyvv+v,  =  °’  (4-30) 

which  with  (4.14)  for  and  the  equivalent  for 

enables  the  determination  of  V,„  and  V„.  in  terms 

“a 

of  xV,  and  2V,,  respectively,  from  which  and 
can  be  obtained5  in  terms  of  jV,.  and  2V, ,  re¬ 
spectively.  The  application  of  Kirchhoff 1 s  voltage 
equation  to  the  circuit  shown  in  Fig.  2  at  21^,  a 
and  0  yields 


W  V  +V°>  K=2tV  a>  n  >  (4*31) 

since  at  these  frequencies  Vf  =  0,  From  (4.31)  with 
k=2iu1  and  K  =  ff,  respectively,  and  (4.21)  and  (4.24), 
V2u,  and  Va  may  readily  be  determined  in  terms  of 
!V,  and  SV,  .  Finally,  from  (4.31)  with  K=fiand 
(4.28),  V0  can  readily  be  determined  in  terms  of 
jvj  2vJ  if  v  is  known.  However,  since  actually  y 
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is  the  only  unknown  quantity,  a  measurement  of  the 
load  voltage  IQRL  enables  the  decermi nation  of  Ifl 
and  V0  from  (4.31),  from  which  y  can  be  evaluated 
from  (4.28)  for  any  desired  orientation,  and  in 
particular,  for  the  practical  5°  -  X-cut. 
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TEMPERATURE  DEPENDENCE  OP  THE  FORCE  FREQUENCY 
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Summary 


The  temperature  dependence  of  the  force- 
frequency  effect  coefficient  K^.  has  been  measured 

forQthe  rotated  X-cut  quartz  resonator  from  2k  to 
300  C.  Two  choices  of  azimuthal  angle  exist  for 
zero  temperature  dependence  of  K_.  The  magnitude 
of  at  these  angles  is  large,  thus  the  rotated 

X-cut  is  a  viable  force  transducer.  A  linear 
superposition  theory  using  the  force-frequency 
effect  as  a  source  term  has  been  derived  for  cal¬ 
culating  resonator  frequency  shifts,  and  their 
temperature  dependences,  arising  from  arbitrary 
force  distributions  around  the  resonator  perim¬ 
eter.  The  theory  is  confirmed  with  measurements 
on  a  rotated  X-cut  pressure  transducer  operating 
from  2h  to  300°C. 


Introduction 


The  force-frequency  effect  is  the  shift  in 
resonant  frequency  of  circular,  thickness  shear¬ 
mode  resonators  caused  by  diametrically  opposed 
point  forces  applied  on  the  perimeter  in  the  plane 
of  the  resonator  blank.  The  effect  arises  from 
nonlinear  elastic  effects  which  couple  the  initial 
stress  of  the  applied  forces  to  the  resonant  vibra¬ 
tions.  It  has  been  studied  extensively  around  room 
temperature  for  frequency  control  applications 
where  the  effect  causes  undesirable  frequency  drift 
and  instability. 1-6  The  effect  can  also  be  used 
for  transducing  force  to  frequency  either  with 
point  forces  or  with  a  uniform  perimeter  force  and 
is  attractive  as  an  inherently  digital  trans¬ 
ducer.7'9  The  transducer  effect  is  dependent  on 
temperature  and  this  can  cause  not  only  changes  in 
scale  factor  but  also  a  shift  in  the  frequency- 
temperature  characteristic  which  complicates  either 
operation  at  turnover  or  compensation  with  matching 
crystals.8’10'12  Several  choices  for  resonator 
crystallographic  orientation  have  been  found  for 
zero  temperature  dependence  of  the  force-frequency 
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effect  but  only  one  viable  choice  exists  for 

the  uniform  perimeter  force  case . 9  • 1 0 

Recent  need  for  a  high  temperature  pressure 
transducer  for  geothermal  well  logging  at  tempera¬ 
tures  as  high  as  300  C  has  stimulated  work  on  the 
rotated  X-cut  which  has  frequency-temperature  turn¬ 
overs  up  to  300  C  with  small  curvatures  at  turn¬ 
over.13  It  is  the  purpose  of  the  present  work  to 
present  measurements  of  the  force-frequency  effect 
for  circular  rotated  X-cut  resonators  as  a  f’inction 
of  temperature  from  2k  C  up  to  300°C.  The  results 
can  be  used  for  designing  high  temperature  trans¬ 
ducers  based  on  the  force-frequency  effect  in 
rotated  X-cut  resonators. 

In  addition,  the  present  work  includes  a 
formulation  of  how  the  force-frequency  effect  re¬ 
sults  ca-..  be  used  to  construct,  by  linear  super¬ 
position,  the  frequency  response,  and  its  tempera¬ 
ture  dependence,  of  a  resonator  to  an  arbitrary 
force  distribution  around  the  resonator  perimeter. 
This  approach  is  used  with  the  experimental  force- 
frequency  results  to  calculate  the  temperature 
dependence  of  scale  factor  for  a  rotated  X-cut 
pressure  transducer  based  on  a  uniform  perimeter 
force.  The  model  calculations  are  confirmed  by 
measurements  made  with  an  actual  rotated  X-cut 
pressure  transducer  operating  between  2u  C  and 
300°C. 


Experimental  Techniques 


Conventionally,  the 
cient,  Kf  (in  m.s/N),  is 


force  frequency  coeffi- 
defined  as 


Af 

f 


K 


FN 

_ o 

f  di 


(1) 


where  Af/f  is  fractional  frequency  shift,  F  is  the 
force  (in  N),  Nq  is  the  frequency  constant  (in  m/ 

sec),  d  is  resonator  blank  diameter  (in  m)  and  t 
is  resonator  thickness  (in  m).  The  force-frequency 
effect  for  a  given  resonator  cut  is  dependent  upon 
where  on  the  perimeter  the  forces  are  applied.  For 
the  general  class  of  thickness  shear  mode  orienta¬ 
tions  (yxw£)$,0  in  IRE  notation,11*  this  is  usually 
expressed  in  terms  of  the  azimuthal  angle  ip  meas¬ 
ured  between  the  x"  resonator  axis  and  the  point 
of  force  application.6  Positive  angle  ip  is  meas- 


300 


ured  counterclockwise  about  the  y"  resonator  axis. 

Measurement  of  as  a  function  of  $  requires 

a  means  of  applying  a  repeatable  force  at  known 
values  of  In  the  past  this  has  been  done  by  a 
fixture  which  allows  weights  to  contact  a  resona¬ 
tor  blank  on  its  perimeter. 3 *5'12  The  blank  is 
rotated  to  change  in  these  fixtures .  For  exten¬ 
sive  measurements  as  a  function  of  both  $  and  tem¬ 
perature,  such  approaches  are  too  time  consuming. 

An  alternate  method  for  measuring  vs  <fr  without 

having  to  rotate  the  crystal  has  been  devised.13 

The  resonator  plate  is  held  by  20  lightly 
spring-loaded  pivoting  fingers  spaced  equally 
around  the  perimeter  as  seen  in  Fig.  1.  Any  dia¬ 
metrically  opposed  pair  of  fingers  can  be  pushed 
on  periodically  with  ll*5  gm  of  force  at  2  Hz  with 
push  rods  driven  by  a  motor  cam-shaft  and  spring 
arrangement.  The  overall  arrangement  is  seen  in 
Fig.  2  with  the  motor  and  push  rods  visible.  As 
seen  in  Fig.  2,  the  shape  of  the  overall  apparatus 
is  designed  to  fit  into  a  tube  furnace  so  that  the 
temperature  at  the  resonator  end  can  be  controlled. 

Measurement  of  the  frequency  shift  caused  by 
the  2  Hz  periodic  squeezing  is  made  as  shown  in 
Fig.  3.  The  crystal  is  incorporated  into  an  os¬ 
cillator  circuit  located  outside  the  furnace.  The 
oscillator  signal  is  mixed  with  a  local  oscillator 
signal  (obtained  from  a  frequency  synthesizer)  and 
the  difference  frequency  is  frequency  discriminat¬ 
ed.  The  output  of  the  discriminator  is  measured 
with  a  phase  locked  amplifier  locked  to  the  2  Hz 
motor-cam  by  a  photoelectric  cell  signal .  The 
measurements  are  stable  since  frequency  fluctua¬ 
tions  due  to  any  other  causes  are  rejected  by 
the  phase  locked  amplifier.  Both  magnitude  and 
phase  are  measured  to  obtain  the  magnitude  and  sign 
of  Kj..  Measurements  of  all  10  pairs  of  figures 

takes  less  than  5  minutes  and  is  accomplished  by 
setting  the  motor  cam  arrangement  to  the  desired 
push  rod  pair.  Repeatability  is  better  than  5$. 
Calibration  was  done  by  using  a  calibrated  spring 
and  a  calibrated  discriminator  output.  Also,  the 
results  from  our  apparatus  when  used  with  an  AT- 
cut  crystal  compare  within  3%  at  iji  =  0  to  the 
average  of  data  taken  in  earlier  works.1'3'12 
Total  error  is  taken  as  5%  or  less. 


Results 

Values  for  Kf  vs  i|i  are  shown  in  Fig.  it  for 

2lt°C  and  275°C.  Smoothing  lines  are  added  to  the 
data  for  visual  purposes.  Sizeable  changes  with 
temperature  are  noted. 

In  Fig.  5,  K^,  is  plotted  vs  temperature  T  for 

selected  values  of  ip  to  illustrate  the  scatter  in 
data  and  the  near  linear  response  of  K^.  to  tempera¬ 
ture. 

Since  the  data  in  Fig.  5  suggest  a  linear  re¬ 
sponse,  values  for  dKf/dT  obtained  from  least 


squared  error  fits  of  a  straight  line  to  the  data 
for  our  1C  values  of  $  are  plotted  in  Fig.  6  vs 
A  smooth  line  has  been  added  for  visual  purposes. 
Also  included  in  Fig.  6  is  a  repeat  of  the  2lt°C  Kf 
data  for  comparison. 

It  is  clear  from  Fig.  6  that  two  choices  for 
exist  where  dK^./dT  are  zero,  <P  =  38°  and  >p  = 

133°.  It  is  of  importance  to  note  also  in  Fig.  6 
that  these  two  values  of  i  correspond  to  values 

very  near  the  maximum  available  amplitudes  of  Kf. 

The  AT-cut  exhibits  the  largest  maximum  seen 

for  the  (yxw i)P,Q  family,  but  at  ifi  values  where  the 
AT-cut  has  dfC^/dT  equal  to  zero  (i)<  values  of  ItO 

and  1^0°),  is  much  smaller  than  the  maximum. 

Thus  the  rotated  X-cut  has  a  larger  magnitude 

available  for  dK^./dT  =  0  than  does  the  AT-cut 

(22  x  10“1S  vs  18.5  x  10~15  m.s/N).  Also,  the 
slope  of  dKf/dT  vs  tp  at  the  zeros  of  dKf/dT  is  less 

for  the  rotated  X-cut  so  the  tolerances  on  p  loca¬ 
tion  are  less  stringent. 

In  addition  to  the  above  force  frequency  co¬ 
efficient  measurements,  which  are  related  to  point 
forces  acting  on  the  perimeter,  measurements  have 
been  made  on  the  rotated  X-cut  of  the  planar  co¬ 
efficient15  effect  which  relates  frequency  shift 
to  a  uniform  perimeter  force,  i.e.,  a  uni  for. 
planar  stress.  The  measurements  were  made  using 
a  pressure  transducer  configuration  shown  in  Fig. 

7.  The  general  design  is  the  same  as  published  by 
others;9'10  that  is,  a  disc  resonator  compressed 
radially  inwards  by  hydrostatic  pressure  acting  on 
the  cylindrical  walls,  as  seen  in  Fig.  7.  Details 
of  the  pressure  transducer  design,  which  is  under 
development  for  geothermal  well  logging,  are  re¬ 
ported  elsewhere.16  Pressure  measurementg  have 
been  made  at  temperatures  ranging  from  2U  C  to 
300°C.  The  frequency  scale  factors  for  the  partic¬ 
ular  geometry  used  in  the  experiments  are  — 0 . 5^2 
ppm/ps i  at  2k°C  and  -0.690  ppm/psi  at  275°C. 
Repeatability  at  1000  psia  full  scale  has  been  0.1 
psi  or  better.  These  uniform  planai  stress  effects 
on  frequency  can  be  related  quantitatively  to  the 
force-frequency  results  as  shown  in  the  following 
section. 


Application  of  Results  for  a 
Generalized  Transducer 

Based  on  the  data  of  Fig.  6,  application  of 
the  rotated  X-cut  in  a  transducer  where  the  force- 
frequency  effect  with  a  point  force  is  used  is 
practical.  It  is  possible  also  to  assign  more 
general  importance  to  the  data  in  Fig.  6  by  using 
the  data  to  construct  a  general  representation  for 
an  arbitrary  force  distribution  around  the  plate 
perimeter.  The  representation  is  general,  of 
course,  in  that  any  crystal  cut  can  be  used  if 

vs  p  and  dK^,/dT  vs  p  are  known.  The  use  of  linear 

superposition  was  treated  earlier  for  the  case  of  a 
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uniform  force  distribution.15  The  concept  can  be 
generalized  for  a  K  ^  coefficient  for  a  given 

distribution  of  force/length  on  the  perimeter.  Let 
the  force/length  be  described  by  FL(t[/),  where  L(i^) 
is  a  distribution  function  normalized  to  unity. 

An  incremental  contribution  to  -jr,  6  is  caused 

by  acting  over  an  incremental  portion  of  the 

perimeter  (d/2)d^: 


N  F 


«  J  =  ^-  Kf(*)L(t{<)dY 


(2) 


Summing  by  integration. 


. .  N  F  r 

Y  ~  gf"  /  K  (<!»)  L(i{<)diJ) 

•/ 
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(3) 


If  K  is  defined  similarly  to  the  planar  coeffi¬ 
cient15 


M  _  F 
f  eff  t  ’ 


<*») 


then 


eff 


-tf 


Kf4)  IMW  .  (5) 


In  a  similar  manner,  one  can  construct  an 
expression  for  dKeff/dT, 


dK 


eff 


dT 


tf 


dK.(iM 


dT 


L(ii<)d^ 


(6) 


Although  Kf(i{>)  and  dKf(i^)/dT  are  not  known  analyt¬ 
ically,  numerical  techniques  or  an  analytical  ex¬ 
pression  fitted  to  Fig.  6  could  be  used  to  solve 
Eqs.  5  and  6  for  Kgf,f  and  dKeff/dT. 


(-0.5^2  x  251)  =  1.09  x  10"3.  The  agreement  is 
excellent  considering  the  numerical  integration 
and  confirms  the  linear  superposition  approach 
taken  to  derive  Eqs.  5  and  6. 

Conclusions 


The  temperature  dependence  of  the  force- 
frequency  effect  coefficient  K^.  has  been  measured 

for  the  rotated  X-cut  from  2b°C  to  300°C.  Two 
azimuthal  angles  exist  for  which  the  derivative 
with  temperature  dK^/dT  has  zero  values,  =  38 

and  ip  =  133°.  The  magnitudes  for  Kf  at  these  ij< 
values  are  nearly  the  maximum  attainable  with  the 
rotated  X-cut  and  are  larger  than  the  zero  tempera¬ 
ture  effect  values  for  K^.  attainable  with  the  AT- 

cut. 


A  linear  superposition  model  has  been  derived 
that  uses  the  measured  K^.  vs  1 p  and  dK^./dT  vs  ip 

behavior  as  source  terms  to  construct  an  effective 
frequency  snift  coefficient  K  ^  and  its  tempera¬ 
ture  dependence  dKeff/dT  for  an  arbitrary  distri¬ 
bution  of  forces  around  the  resonator  perimeter. 
The  model  is  confirmed  with  measurements  from  a 
quartz  resonator  pressure  gauge  operated  between 
2k  C  and  300  C  which  utilizes  a  uniform  perimeter 
force  configuration. 

The  rotated  X-cut  has  been  shown  to  be  a 
viable  force  transducer  for  applications  where  a 
point  iorce  is  applied  to  the  resonator  perimeter 
(force-frequency  effect).  The  temperature  depen¬ 
dence  results  show  that  transducers  based  on  a 
uniform  perimeter  force  distribution,  such  as  the 
pressure  gauge  tested,  have  a  strong  temperature 
dependence  of  scale  factor  (dKeff/dT  /  0).  This 

effect  can  be  a  problem  if  matched  crystals  are 
used  for  temperature  compensation  or  if  a  single 
crystal  is  used  in  an  oven  at  turnover  because  the 
turnover  will  shift  with  pressure.  Solution  of 
this  problem  rests  in  the  linear  superposition 
model  and  choice  of  a  perimeter  force  distribution 
that  minimizes  the  temperature  dependence  of  the 

effective  coefficient  K  ...  Such  studies  are 
eff 

under  way  using  slotted  resonator  plates. 


As  an  example  of  the  application  of  Eqs.  5 
and  6,  assume  L  =  1.  This  is  the  uniform  perim¬ 
eter  force  case  of  our  pressure  transducer  in  Fig. 
7.  Numerical  integration  of  the  curves  in  Fig.  6 
give  K  =  1.08  x  10"11  m2/N  and  dKeff/dT  = 

1.05  x  10'14  mz/N  °C.  It  is  impractical  to  direct¬ 
ly  compare  these  numbers  to  the  pressure  transducer 
results  because  the  pressure  gauge  structure  has 
a  mechanical  advantage  (stress  in  resonator  larger 
than  outside  pressure)  which  is  not  known  accurate¬ 
ly.  However,  the  fractional  change  in  can  be 

compared.  The  value  for  (l/K  ^MdK  ^/dT)  as 

calculated  by  numerically  integrating  the  Fig.  6 
data  is  0.97  x  10“3.  The  same  ratio  for  the 
pressure  transducer  calculated  with  the  measured 
values  in  the  previous  section  is  (-O.69O  +  0.5‘i2)/ 
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Fig.  1.  Photograph  of  a  circular  resonator  sup¬ 
ported  on  its  perimeter  by  20  pivoting 
fingers  for  force-frequency  coefficient 
measurements.  Push  rods  for  applying  a 
periodic  force  to  the  pivoting  fingers 
are  seen  coming  in  from  the  upper  left. 


Fig.  2.  Overall  view  of  the  test  apparatus  show¬ 
ing  the  motor  and  spring  arrangement  for 
applying  a  periodic  force  to  the  push 
rods.  Figure  1  is  a  view  of  the  apparatus 
from  the  right  hand  side. 
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Fig.  3-  Block  diagram  of  circuit  used  with  the 

apparatus  in  Fig.  2  to  measure  the  force- 
frequency  coefficient  values. 


for  selected  values  of  azimuthal  angle  tp 
Lines  are  least  squared  error  fits  of  a 
straight  line. 


Fig.  1).  Force-frequency  coefficient  for  the  rota¬ 
ted  X-cut  at  2i»°C  and  275°C  vs  azimuthal 
angle  p.  Lines  are  added  as  visual  aids. 


ative  vs  azimuthal  angle  ij/. 
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Fig.  7.  Exploded  view  of  the  rotated  X-cut  quartz 
resonator  pressure  gauge  used  in  the 
present  work  to  apply  uni fora  perimeter 
forces  to  the  circular  resonator  plate. 
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LOW  "g”  SENSITIVITY  CRYSTAL  UNITS  AND  THEIR  TESTING 


A,  Warner,  B.  Goldfrank,  M.  Meirs  and  M.  Rosenfeld 


Frequency  Electronics,  Inc 
New  Hyde  Park,  New  York 


Summary 

The  increased  use  of  the  doubly  oriented  AT 
type  crystal  units,  SC,  TTC,  FC,  etc,  has 
opened  the  way  to  the  manufacture  of  crystal 
units  much  less  affected  by  a  variety  of 
thermally  and  physically  induced  stresses. 
Such  units  will  have  faster  warm-up ,  lower 
aging,  less  sensitivity  to  amplitude  of 
vibration,  and  a  lower  "g”  sensitivity.  The 
manufacturing  challenges  have  been  met  by 
improved  cutting  and  x-ray  methods  as  well  as 
careful  and  exact  fabrication  techniques. 
Tests  for  “g"  sensitivity  that  formerly 
required  temperature  controlled  ovens  mounted 
on  a  centrifuge  can  now  be  carried  out  more 
simply  by  use  of  a  vibration  table  and 
side-band  detection,  without  temperature 
control.  The  yield  of  crystal  units  having  "g" 
sensitivities  less  than  2PP101  per  g  in 
all  directions  is  apparently  75%. 

Introduction 

It  may  be  of  some  significance  that  this  is  the 
20th  anniversary  of  the  first  talk  on  the 
subject  of  frequency  change  with  acceleration 
by  one  of  the  authors  (A.  Warner) ,  given  at  the 
13th  Annual  Symposium  on  Frequency  Control. 
Figure  1  shews  data  on  one  carefully  made  AT 
cut  unit  of  that  period,  and  the  tests  were 


0  *0*  180*  270*  380* 


FIGURE  1 

Frequency  Change  Due  to  15g  acceleration 
at  Various  Orientations  in  the  Plane 
of  the  Crystal  Plate 


performed  using  a  centrifuge  and  temperature 
controlled  oven.  These  crystal  units  made  in 
1959  were  not  reproducible,  and  it  was  stated 
at  that  time,  "Apparently  in  practice  the  sine 
wave  characteristic  can  change  in  amplitude, 
phase,  and  position."  The  same  thing  is  still 
true,  except  that  with  the  introduction  of  the 
SC  cut  units  and  better  processing  techniques 
we  find  that  the  good  crystal  units  are  more 
easily  and  more  consistently  produced. 

SC  Crystal  Units 

Other  authors  in  these  preceedings  have  done 
more  than  we  have  in  developing  the  SC  cut ,  and 
in  theoretical  studies  of  acceleration  effects 
in  general.  However,  a  few  words  about  the  SC 
cut  may  be  in  order.  When  we  started  on  this 
SC  project  two  years  ago,  it  was  thought  that 
because  of  the  complexity  of  design  and 
likelihood  of  increased  coupling  to  unwanted 
modes ,  the  SC  cut  would  be  used  only  for  highly 
specialized  applications.  These  fears  have  not 
materialized.  The  SC  cut  is  well  behaved,  and 
we  consider  it  one  of  the  more  significant 
happenings  in  our  business.  The  SC  is  about  10 
times  less  sensitive  to  amplitude  of  vibration. 
Due  to  its  insensitivity  to  stress  the  normal 
thermal  transient  effects  and  force-frequency 
effects  are  much  reduced.  Consequently  that 
aging  which  is  due  to  stress  relaxation  is  also 
improved.  Such  units  are  characterized  by 
faster  warm-up,  more  rapid  stabilization,  and 
improved  performance  under  acceleration. 
Whatever  aging  remains  is  more  understandable , 
because  it  is  likely  to  be  a  simple  first  order 
rate  process  due  to  mass  transfer. 

The  question  remains,  is  it  practical  to 
manufacture?  We  think  so.  It  is  more 
difficult  to  orient  by  x-ray,  but  it  can  be 
done  using  only  the  principal  X  and  Z  planes 
and  the  normal  AT  (01  1)  reference  plane  as 
with  the  AT  cut.  Furthermore  with  improved 
cutting  methods  there  is  less  x-ray  work 
needed.  Also  there  is  a  strong  unwanted  B 
mode ,  8%  higher  in  frequency  than  the  normal  C 
mode.  However  it  is  amenable  to  circuit  design 
and  in  addition  the  B  mode  is  very  useful  as  an 
exact  temperature  indicator.  What  may  be  less 
known  is  that  the  B  mode  can  be  used  as  a  check 
on  the  angular  orientation  of  the  quartz  blank, 
since  the  B-C£f  is  a  function  of  the  angle  (f. 
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FIGURE  2 

5  MHz,  5th  Overtone,  SC  Crystal 


We  have  made  a  number  of  5  MHz  5th  overtone  SC 
units,  shown  In  Figure  2  with  cover  removed. 
They  are  bonded  at  three  specially  selected 
points.  with  "g"  sensitivity  approaching 
1PP1010  per  g  in  all  directions.  We  did 
move  the  temperature  inflection  point  from  the 
usual  95'Cto  I10°C,  in  order  to  give  a  little 
more  leeway  in  the  matter  of  angular  tolerance 
for  a  70°C  zero  temperature  coefficient.  This 
now  compares  with  the  AT  cut  at  70°C.  Since 
all  the  advantages  of  the  SC  cut  do  not  occur 
at  the  same  <f>  angle,  there  is  room  for  such  a 
compromise. 


The  SC  cut  is  3  or  4  times  higher  in  impedance 
than  the  AT,  and  consequently  a  smaller 
frequency  tolerance  is  needed.  This  is 
accomplished  by  making  the  frequency  adjustment 
at  or  near  the  zero  temperature  coefficient 
temperature.  Figure  3  shows  the  C  mode 

frequency  vs  temperature  characteristic  at  a 
70°C  turnover,  and  both  the  B  and  C  mode 
resistance.  The  Q  at  260  ohms  is  2.8  million. 
Note  that  the  curve  is  the  inverse  of  an  AT. 


Fabrication  Procedures 


Low  "g"  sensitivity  'SC'  cut  quartz  crystals 
are  processed  in  the  cleanest  possible  environ¬ 
ment.  Frequency  Electronics,  Inc.  has 
installed  a  precision  processing  laboratory, 
free  of  organic  contaminants. 


The  crystal  blanks  are  cut  from  premium  Q  swept 
quartz  bars  using  a  double  sine  bar.  The 
crystal  blanks  are  then  x-rayed  to  verify  the 
angle  of  cut.  New  Equipment  has  recently  been 
installed  to  make  angle  corrections  on  raw 
quartz  should  the  need  arise. 

The  crystal  blanks  are  lapped ,  contoured , 
polished  and  etched.  The  blanks  are  cleaned  to 
insure  that  no  contamination  remains  on  the 
surface  of  the  quartz.  Immediately  upon 
completion  of  cleaning,  the  crystals  are  loaded 
in  a  stainless  mask,  the  mask  is  put  in  to  a 
cryogenic  evaporation  system  and  chrome  and 
gold  are  deposited  on  the  edges  of  the 
crystals.  The  crystals  are  removed,  a  sample 


FIGURE  3 

Frequency  Vs  Temperature  Curve 
SC  Cut  Crystal  -  5  MHz,  5th  Overtone 
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pull  test  performed  and  the  crystals 
re-cleaned.  The  crystals  are  Immediately 
loaded  into  a  second  stainless  steel  mask  and 
put  into  a  cryogenic  vacuum  system  for  gold 
deposition  by  evaporation.  Each  crystal  is 
then  thermocompression  bonded  to  a  base  using 
an  aluminum  clad  nickel  ribbon.  The  upper 
turnover  temperature  is  determined  for  each 
crystal  and  the  crystal  is  tuned  to  frequency. 
Each  crystal  and  its  cover  are  individually 
hydrogen  fired  to  remove  any  oxides , 

contamination  and  absorbed  gases  and  loaded 
into  a  sealing  die.  The  sealing  die  and 

crystal  are  evacuated  using  a  combination  of 
cryogenic  and  ion  pumping.  All  crystals  are 
sealed  when  the  vacuum  reaches  5  x  10 
torr  or  better.  Figures  4,  5  and  6  show  the 
vacuum  plating  apparatus ,  the  x-ray  table  good 
to  2  seconds  of  arc,  and  some  vacuum  baking  and 
sealing  equipment. 

Testing  Low  "g"  Sensitivity  Crystal  Units 

After  the  crystal  unit  has  been  sealed,  and 
before  it  is  assembled  in  its  oscillator-oven, 
it  is  very  desirable  to  test  for  ”g“ 
sensitivity.  If  the  crystal  unit  is  out  of 
limits,  we  want  to  know  this  before  spending 
time  assembling  the  crystal  in  its  oven, 
adjusting  the  temperature  control  point,  and 
going  through  warmup  and  initial  aging. 


FIGURE  4 

Vacuum  Plating  Facility 


FIGURE  5 
X-Ray  Facility 


FIGURE  6 

Evacuation  and  Sealing  Assembly 


A  method  has  been  devised  to  use  a  vibration 
method  of  testing,  reasoning  that  an  instantan- 
ous  frequency  shift  due  to  peak  acceleration 
during  vibration  can  be  detected  as  an  FM  side¬ 
band.  The  method  is  as  follows:  referring  to 
Figure  7,  the  output  of  the  unit  under  test  is 
mixed  with  a  synthesizer  to  produce  a  carrier 
frequency  of  about  2  kHz.  The  carrier  signal 
is  connected  to  a  spectrum  analyzer  and  with 
the  table  energized  the  spectrum  is  plotted  on 


308 


FIGURE  7 

Test  Set  Up,  Vibration  Stability  Factor 

an  X-Y  recorder.  The  crystal  is  mounted  to  a 
printed  circuit  board  containing  oscillator 
circuitry  and  placed  in  a  test  fixture.  The 
fixture  is  designed  such  that  all  the  input 
energy  from  the  vibration  table  should  be 
transmitted  directly  to  the  crystal.  The 
fixture  is  capable  of  being  mounted  Jin  three 
different  axes. 


A  side  band  will  appear  on  the  X-Y  plot  at  a 
frequency  displaced  by  the  vibration  frequency 
from  the  carrier.  The  magnitude  of  the  side 
band  is  mathematically  related  to  the  ”g" 
sensitivity  of  the  crystal  by  the  formulae 
as  shown.  The  sideband  to  carrier  amplitude 
ratio  equals  the  proportional  frequency  shift 
of  the  crystal  times  the  carrier  frequency  over 
two  times  the  vibration  frequency.  Three 
vibration  frequencies  were  used;  50,  200  and 
500  Hz.  Their  amplitudes  are  adjusteu  to  give 
the  same  side-band  amplitude  vs  g  sensitivity, 
so  the  calibration  will  be  the  same.  This  is 
28  g's  at  500  Hz,  11.2  g's  at  200  Hz  and  2.8 
g's  at  50  Hz.  A  sideband  90  db  down  from  the 
carrier  corresponds  to  2PP  in  10lu/g.  Six 
dB  lower,  or  -96  dB,  corre-  ponds  to  half 
that  or  1  PP  in  lO^/g.  Provisions  were 

made  to  obtain  a  60  dB  enhancement  by 
multiplying  by  100  when  required. 


I.  Formula  for  frequency  modulated  carrier 
y(t)  *  A  (co*  «Qt  ♦  («q  * 

A  •  signal  amplitude  60  -  phase  modulation 


A  •  sideband  amplitude 

w0  «•  carrier  frequency 
u  -  modulation  frequency 


40  - 

6f  -  peak  frequency 
f  »  modulation  frequency 


.  „  (60/2) (A)  _  60  .  Af _ 

Sideband  to  carrier  ratio  X  -  '  a  “5  2lT 


6f  -  Sf09 

S  -  vibration  sensitivity  •  per  g 
iQ  -  carrier  frequency 
g  •  applied  vibration  level 
Sf„9 


*  "  7T~ 


‘  ^ 
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FIGURE  9 

Data  Comparison  Sideband  Vibration  Testing,  AT  Vs  FC  Vs  Sc  Cut  Crystals 


Figure  9  shows  the  results  of  testing  various 
crystal  units.  For  each  crystal  there  are 
three  vibration  frequencies  as  well  as  three 
mutually  perpendicular  directions  giving  9 
opportunities  to  spot  trouble.  We  must  either 
accept  the  worst  reading  or  be  prepared  to 
explain  why  not.  The  results  are  somewhat 
non-linear  with  vibration  frequency,  and  this 
may  be  due  to  the  wax  used  to  imbed  the  crystal 
and  cricuit  on  the  vibration  table.  In  some 
cases  it  would  appear  that  not  all  the 
vibration  energy  gets  to  the  crystal  can  at  500 
Hz.  Also  any  departure  from  a  sine  wave  in  the 
vibration  table  would  alter  the  equations.  The 
two  SC  units,  one  average  and  one  quite  good 
are  about  10  to  15  dB  lower  or  3  to  6  times 
better  for  frequency  change  with  acceleration 
than  the  other  two  designs.  The  next  three 
figures,  10,  11  and  12',  show  the  X-Y  plots  for 
one  AT,  one  FC  and  one  SC  -  all  at  200  Hz  and 
perpendicular  to  the  '  active  leads  of  the 


crystal  mount.  The  AT  is  at  -72  dB,  200  Hz 
from  the  carrier.  The  FC  is  at  -88  dB, 
corresponding  to  3  PP  in  101  per  g  at  this 
orientation.  Note  that  in  these  two  plots  that 
the  background  level  is  at  -93  dB.  In  the  plot 
for  the  SC  unit  the  background  is  shifted  to 
-130  dB  by  addition  of  the  X100  noise  test  set. 


Now  we  see  a  peak  of  -112  dB  corresponding  to  a 
few  parts  in  10u  per  g  in  this  direction, 
with  a  capability  of  the  apparatus  to  detect  3 
PP  in  1012  per  g. 


Figure  13  shows  a  comparison  of  the  vibration 
method  of  g  sensitivity  testing  and  the 
turn-over  test  for  a  lot  of  eight  SC  cut 
crystal  units.  Turning  an  entire  oscillator- 
oven  unit  180°  in  the  vertical  plane,  of 
course,  effects  a  2  g  change  in  acceleration 
and  is  pretty  fool-proof.  The  frequency  change 
divided  by  2  gives  the  parts  per  g  at  the  2  g 
level  and  this  is  compared  with  the  previous  dB 


figiSre  10 

AT  Cut  Crystal  Sideband  Measurements 


FIGURE  11 

FC  Cut  Crystal  Sideband  Measurements 
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FIGURE  12  FIGURE  13 

SC  Cut  Crystal  Sideband  Measurement  G  Sensitivity  -  Static  Vs  Dynamic  Testing 

For  8  SC  Cut  5  MHz  Units 


readings  for  the  same  crystals  in  a  vibration  Acknowledgments 

test.  The  heavy  curve  is  that  calculted  by  the 
mathematics  shown  above  on  Figure  8.  The  data 

points  are  worst  case,  so  this  represents  about  We  would  like  to  acknowledge  the  encouragement 

the  worst  that  would  occur  for  acceleration  in  and  support  of  Dr.  Jim  Adair  and  Charlie  Friend 

any  direction.  Six  of  the  eight  units  are  of  Wright  Patterson,  of  conversations  with 

2  PP  lO10  per  g  or  better.  Dr.  Harry  Tiersten  of  Rensselaer,  Dr.  Peter 

Lee  of  Princeton,  Dr.  Art  Balato  and  others  at 
Hopefully,  with  more  study  and  greater  ERADCOM,  and  help  from  the  entire  crystal  group 

precision  of  mounting,  we  can  further  improve  at  Frequency  Electronics, 

sensitivity  and  yield  of  this  and  similar 
designs. 
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Abstract 

Singly  rotated  AT  cut  plates  are  most  often 
used  for  frequency  control  in  applications  where 
moderate  and  high  precision  is  required,  but  re¬ 
cent  developments  point  to  a  greatly  expanded  role 
for  doubly  rotated  cuts.  Virtually  all  of  these 
thickness  mode  cuts  are  of  the  form  of  thin  circu¬ 
lar  discs  mounted  on  their  edges.  Any  forces  com¬ 
municated  between  the  mounting  supports  and  the 
quartz  plate  produce  high  stresses  and  stress- 
gradients  resulting  in  significant  frequency  per¬ 
turbations.  This  paper  describes  crystal  plate 
designs  having  a  prescribed  lateral  contour  for 
singly  and  doubly  rotated  plates.  These  designs 
provide  a  relatively  large  portion  of  the  periphery 
for  mounting,  such  that  mounting  stresses  are  great¬ 
ly  reduced  with  no  detriment  to  the  force  immunity 
of  the  older-type  mounts. 

Key  Words 

Resonators,  Frequency  Control,  Acoustic  Waves, 

Quartz  Crystals,  Doubly  Rotated  Cuts,  Bulk  Acous¬ 
tic  Waves,  Force-frequency  Effects,  Piezoelectric 
Crystals. 

Introduction 

Almost  all  modern  resonators  used  for  freq¬ 
uency  control  in  moderate  and  high  precision  appli¬ 
cations  are  of  quartz,  and  operate  using  bulk  acou¬ 
stic  waves  of  the  thickness  shear  variety.  At  pre¬ 
sent,  the  singly  rotated  AT  cut  is  most  often  used, 
but  recent  developments  point  to  a  greatly  expanded 
role  for  doubly  rotated  cuts.  Furthermore,  virtu¬ 
ally  all  of  the  thickness  mode  cuts  are  in  the  form 
of  thin  circular  discs.  When  these  are  mounted, 
the  mounting  clips  cover  relatively  little  of  the 
available  edge  of  the  crystal  plate  and  any  forces 
communicated  between  the  mounting  supports  and  the 
quartz  plate  produce  high  stresses  and  stress-grad¬ 
ients  in  the  vicinity  of  the  mounting  positions. 

The  subject  of  frequency  perturbations  in  quartz 
vibrators  produced  by  such  external  forces  has  re¬ 
ceived  both  theoretical  and  experimental  attention 
previously1-27.  Those  investigations  related  the 
initial  stress  produced  by  mounting  supports  to 
resonance  frequency  changes,  the  contribution  to 
long  term  aging,  and  the  relation  to  frequency  ex¬ 
cursions  produced  in  shock  and  vibration  environ¬ 
ments.  Two-and  four-point  mount  locations  with 
respect  to  the  plate  crystallographic  axes  have 


been  identified  which  have  the  potential  to  pro¬ 
duce  minimal  frequency  shifts  for  in-plane  forces. 
These  were  identified  by  azimuth  angles  ip  in  the 
plane  of  the  plate  for  which  the  force-frequency 
coefficient  Kj(¥)  equals  zero.  Unfortunately,  in 
practice,  it  has  been  found  very  difficult  to  po¬ 
sition  the  mounting  clips  at  the  precise  locations 
required.  Mispositioning  and/or  increasing  the 
area  of  the  contact  points  over  a  larger  area  has 
been  found  to  result  in  substantial  frequency 
shifts. 

This  paper  describes  in  detail  a  design  for 
resonator  plates  having  a  prescribed  lateral  con¬ 
tour,  with  mounting  surfaces  provided  along  a  re¬ 
latively  large  portion  of  the  periphery,  so  that 
mounting  stresses  are  greatly  reduced  in  size,  with 
no  detriment  to  the  force-immunity  of  the  older 
type  of  mounting.  A  different  lateral  contour,  of 
rhomboid  configuration,  for  each  and  every  member 
of  the  doubly  rotated  family  of  quartz  cuts  located 
on  the  zero  temperature  coefficient  locus  extend¬ 
ing  from  the  AT-cut  to  the  rotated-X-cut  is  pro¬ 
vided.  Other  advantages  of  this  new  scheme  are 
also  described. 

Singly  and  Doubly  Rotated  Cuts  of  Quartz 

"Singly  rotated"  and  "doubly  rotated"  refer  to 
cuts  oriented  with  respect  to  the  crystallographic 
axes.  The  rotation(s)  is/are  made  primarily  for 
reasons  of  frequency-temperature  behavior.  Defin¬ 
itions  of  axes  and  angles  involved  in  the  specifi¬ 
cation  of  a  cut  are  shown  in  Figure  1.  Further 
details  are  given  in  Reference  23.  When  the  angle 
0  is  zero,  the  result  is  the  singly  rotated  Y-cut. 
The  angle  0  may  take  on  values  from  0°  to  30°  for 
quartz;  any  other  angle  is  equivalent  to  some  angle 
in  this  range  because  of  crystal  symmetry.  Although 
other  doubly  rotated  cuts  having  zero  temperature 
coefficient  of  frequency  exist,  we  shall  concen¬ 
trate  on  the  branch  of  the  first  order  zero  temp¬ 
erature  coefficient  locus  where  +  34°  to  +  35°, 
and  give  specific  results  for  the  orientations 
listed  in  Table  1. 

Effects  of  In-Plane  Diametric  Force  Pairs 

Consider  a  circular  plate  vibrator  as  shown  in 
Figure  2.  Two  force-pairs  are  shown,  Fj  and  F2. 
These  are  point-forces.  If  one  set  of  forces,  say 
F2  is  set  to  zero,  and  the  other  is  applied  at  an 
azimuth  <1^  as  shown,  then  the  crystal  frequency 
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TABLE  1.  ZERO  TEMPERATURE  COEFFICIENT  CUTS 


$  (degrees) 

Cut 

0 

AT 

10 

10°  V-Cut 

15 

FC 

19.1 

IT 

21.9  to  22.4 

SC;  TTC;  TS 

30 

30°  V-Cut 

will  change  in  direct  proportion  to  the  size  of 
the  force  applied  at  Fj  .  Further,  the  frequency 
change  Af  is  also  a  function  of  the  angle  if  of  the 
applied  force.  For  a  given  plate,  the  quantity  Af 
is  directly  proportional  to  a  number  Kj(if),  called 
the  force-frequency  coefficient.  A  polar  plot  of 
Kf(iji)  versus  tf  is  shown  in  Figure  3  for  the  AT  cut. 
An  important  property  of  the  force-frequency  effect 
for  diametric  force-pairs  is  that  of  Superposition. 
That  is,  the  resultant  Af  produced  by  Fj  and  F2  , 
from  Figure  2,  acting  simultaneously  at  any  two  an¬ 
gles,  as  shown,  is  the  algebraic  sum  of  the  indivi¬ 
dual  Af's  acting  alone  at  those  angles.  For  the 
AT  cut,  the  optimum  mounting  location  points  which 
produced  zero  frequency  change  were  determined,  and 
are  marked  "A",  "B",  "C",  and  "D"  in  Figure  3.  For 
doubly  rotated  cuts  the  four-point  optimum  mounting 
locations  will  not  be  symmetrically  disposed  about 
the  crystal  axes  as  shown  in  this  figure;  this  only 
happens  for  the  AT  cut  (0=0°)  because  then  the  two¬ 
fold  symmetry  axis  of  quartz  happens  to  lie  in  the 
plane  of  the  plate. 

TABLE  2.  OPTIMUM  FOUR-POINT  MOUNTING  LOCATIONS 


$  ^degrees) 

<f  (degrees) 

0 

62.0, 

118.0 

10 

68.5, 

125.2 

15 

74.8, 

148.8 

19.1 

79.3, 

163.1 

21.9  to  22.4 

81.6, 

171.9 

30 

79.3, 

184.3 

Table  2  gives  the  optimum  four-point  mounting 
locations,  (corresponding  to  points  ''A",  "B",  "C" 
and  "D"  in  Figure  3) ,  which  coincide  with  the  an¬ 
gles  at  which  Kj(ijj)  equals  zero,  not  only  for  the 
AT  cut,  but  for  the  family  of  cuts  that  are  of  in¬ 
terest  here. 


The  xp  angles  given  for  each  0  angle  are  to  be 
supplemented  by  two  more  values,  obtained  by  adding 
180°  to  the  if  values  in  the  table  above.  Radial 
forces  acting  at  these  if  azimuths  produce  no  freq¬ 
uency  changes  in  the  quartz  resonator.  The  angles 
given  in  Table  2  were  obtained  from  plots21*  of 
%($)  versus  if  ,  shown  in  Figure  4.  In  addition 
to  the  specific  if  values  given  in  Table  2,  the  if 
values  corresponding  to  any  value  of  0  may  be  read 
approximately  from  the  graph  provided  in  Figure  5. 

Figure  6  shows  the  experimental  apparatus  with 
which  the  data  were  taken.  Included  are,  clockwise 
from  the  left,  proof  masses  for  establishment  of  the 
force  levels,  crystal  oscillator  (Cl  Meter),  vac¬ 
uum  pump  for  holding  specimen  on  sample  chuck,  and 
mounting  jig  apparatus.  Further  details  are  given 
in  Reference  22. 

Studies  to  Minimize  Frequency  Perturbations 

_ Due  to  Kf(if). _ 

From  the  foregoing,  one  sees  that  circular 
quartz  plate  vibrators  do  possess  points  where  ra¬ 
dial  stresses  will  not  produce  frequency  changes. 
These  are  at  the  azimuths  if  for  which  the  force- 
frequency  coefficient  Kf  (if)  equals  zero  as  given 
in  Table  2.  Unfortunately,  in  practice,  it  is  very 
difficult  to  design  a  pin-point  mount  and  to  posi¬ 
tion  this  mounting  clip  accurately  at  the  precise 
if  location  specified.  Mispositioning  and/or  in¬ 
creasing  the  area  of  the  contact  points  over  a  lar¬ 
ger  area  will  xn  general  result  in  a  substantial 
frequency  shift.  Even  if  pin-point  mounts  were 
achievable,  they  would  give  rise  to  extremely  large 
stress  effects  at  the  contact  points.  As  an  exam- 

TABLE  3.  FREQUENCY  CHANGE  VERSUS  ANGLE  if  FOR 
ROUND  AT  CUT  CRYSTAL. 


if  (degrees) 

Af  (10-6) 
f 

57 

+2.5 

58 

+2.0 

59 

+1.5 

60 

+1.0 

61 

+  .5 

62 

0 

63 

-  .5 

64 

-1.0 

65 

-1.5 

66 

-2.0 

67 

-2.5 

pie  of  mispositioning,  consider  an  AT-cut  plate  of 
14  mm  diameter.  Table  3  provides  measured  data  on 
frequency  sensitivity  vs  applied  force  for  a  two- 
point  mount  repositioned  over  a  ijr  angle  range  of  10° 
in  the  vicinity  of  tfi  =  62°,  the  zero  force  coeffi¬ 
cient  angle. 

These  data  show  a  frequency  shift  of  +  2.5  x 
10"6  as  the  azimuth  angle  <J>  of  the  applied  force  is 
changed  by  only  +  5  degrees.  As  mentioned  previous¬ 
ly,  the  size  of  the  frequency  change  is  not  only  a 
result  of  an  azimuth  angle  change,  but  is  a  func¬ 
tion  of  the  applied  force  as  well.  In  this  case  a 
mass  of  only  130  grams  was  applied.  Another,  and 
possibly  the  most  compelling  reason  to  improve  on 
current  mounting  practices,  is  that  the  frequency 
change  experienced  due  to  these  stress-induced 
causes  will  change  as  the  stresses  gradually  relax 
with  time.  This  is  undesirable  for  applications 
where  frequency  stability  due  to  long  term  aging 
effects  are  to  be  minimized.  From  the  foregoing 
one  sees  that  circular  quartz  plate  vibrators  do 
possess  points  where  radial  stresses  do  not  affect 
their  frequency.  These  are  the  azimuths  ip  for  which 
the  force-frequency  coefficient  K£ (<{<)  equals  zero. 

But  in  practice,  it  is,  in  fact,  extremely  difficult 
to  mount  a  crystal  plate  at  these  precise  locations 
and  misalignment  can  cause  significant  frequency 
shifts. 

Studies  to  minimize  frequency  change  with  re¬ 
spect  to  increasing  the  area  of  contact  and/or  mis- 
positioning  resulted  in  a  geometry  which  allows  the 
application  of  collinear  forces  through  the  crystal 
plate  in  the  vicinity  where  is  zero,  with  min¬ 

imal  frequency  change.  Plate  configurations  to  ach¬ 
ieve  the  desired  results  are  obtained  by  cutting 
flats  tangent  to  the  zero  force  coefficient  points. 
One  such  plate,  for  an  AT-cit,  is  shown  schemati¬ 
cally  in  Figure  7.  This  tigure  shows  a  plate,  ini¬ 
tially  round  in  outline,  on  to  which  four  flats 
were  ground  on  the  perimeter.  The  flats  are  arrang¬ 
ed  to  be  parallel  in  pairs,  and  their  normals  make 
angles  of  *  62°  end  118°  with  respect  to  the  X, 
axis.  These  angles  are  those  of  Kf(ifi)  =  0  mention¬ 
ed  previously.  The  numbers  in  parentheses  repre¬ 
sent  six  pairs  of  points,  evenly  spaced  along  the 
flat  portions,  where  opposing  forces  F  were  applied; 
a  force-pair  F  is  shown  at  position  (1).  Once  again, 
the  plates  were  14  mm  in  diameter,  and  the  flats 
(chords  of  the  circle)  were  about  6.5  mm.  A  chord 
of  this  length  spans  an  angle  of  55°.  Tests  dis¬ 
closed  that,  providing  the  applied  forces  F  were 
collinear,  it  did  not  matter  if  the  forces  were  at 
positions  (1),  (2),  or  (3);  the  frequency  measured 
in  each  case  was  nearly  the  same,  that  is,  the 
change  was  virtually  zero.  Likewise,  it  did  not 
matter  (as  long  as  the  forces  were  collinear)  whe¬ 
ther  F  was  applied  at  positions  (4) ,  (5) ,  or  (6) ; 
again  the  change  in  frequency  was  small.  The 
angles  of  the  normals  to  the  flat  portions  were  se¬ 
lected  with  just  this  end  in  mind.  Table  4  gives 
typical  results  in  which  the  force  pair  applied  at 
each  point  was  due  to  a  130  gram  mass. 

Table  5  provides  data  obtained  in  a  similar- 
type  investigation,  except,  in  this  case,  the  ex¬ 
periment  was  repeated  three  times  with  a  different 


force  applied  in  each  run  and  the  measurements 
were  taken  at  more  closely  spaced  intervals. 

As  a  result  of  these  experiments  we  may  conclude 
that  if  a  distribution  of  forces  along  the  flat 
edges  of  the  crystal  plate,  acting  along  the  nor¬ 
mal  to  these  edges,  is  applied  to  the  crystal,  the 
net  frequency  change  will  be  minimal.  This  means 
that  the  flat  edges  can  become  the  mounting  sur¬ 
faces,  and  that  instead  of  a  "two-point",  or  "four- 
point"  mount,  one  can  have  instead  "two-edge",  or 
"four-edge"  mounts.  In  addition,  these  mounts  can 
span  a  considerable  length,  as  shown  for  the  above 
case  in  which  the  flat  was  6.5  mm.  The  case  of 
"four-edge"  mounts  follows  directly  from  the  "two- 
edge"  case  inasmuch  as  superposition  of  forces  is 
known  to  hold,  so  it  will  not  be  expressly  mention¬ 
ed  further. 

Specific  Configurations  for  Select  Orientations 

The  lateral  contour  shown  in  Figure  7  is  for  the 
AT  cut;  the  i angles  that  fix  the  positions  of  the 
flat  edges  along  which  the  mountings  are  to  be 
made  come  from  Table  2  or  from  Figure  5.  For  cuts 
other  than  the  AT  cut,  the  iji  values  will  be  diff¬ 
erent,  and  the  resulting  outline  of  the  crystal 
plate  will  likewise  change  with  0  angle.  The  por¬ 
tion  of  the  plate  shown  with  circular  outline  in 
Figure  7  for  the  AT  plate  could  be  fashioned  so 
that  all  edges  are  straight;  likewise  for  the  cor¬ 
responding  doubly  rotated  cuts.  In  the  following, 
no  circular  portions  are  shown;  the  main  feature 
of  this  geometry,  i.e.,  the  zero-frequency-shift 
edge  mounting  contour,  is  not  affected  by  these 
unused  portions.  These  edges  may  be  useful  for 
other  purposes  as  will  be  described  later. 

The  outlines  generated  for  the  six  cases  given 
in  Table  2  are  shown  in  Figures  8  to  13.  The  full 
outline  determined  by  the  angles  is  the  rhomboid 
shown  for  each  case,  including  the  dotted  lines; 
the  solid-lined  figure  is  arrived  at  in  a  manner 
described  below,  and  represents  a  preferred  con¬ 
figuration.  The  orientations  of  the  rhomboids 
with  respect  to  the  crystal  axes  (X,  Z'  or  X",  Z") 
shown,  as  well  as  the  angle  of  the  rhomboids,  are 
of  paramount  importance  to  the  proper  functioning 
of  these  resonators.  The  inclinations  are  discuss¬ 
ed  at  the  end  of  this  section. 

In  Figures  8  to  13,  all  opposite  edges  are  par¬ 
allel;  the  two  angles  given  in  each  figure  serve 
to  determine  the  shape  of  the  plates  when  taken 
with  another  criterion  to  be  discussed  below. 

Since  the  edges  forces  must  be  collinear,  the  ex¬ 
tent  of  the  mounting  edges  is  governed  by  the  nec¬ 
essity  of  having  opposing  edges  not  only  parallel, 
but  abreast.  Another  way  of  stating  this  criterion 
is  to  say  that  when  the  ends  of  the  opposing  mount¬ 
ing  edges  are  joined  together  by  two  parallel  lines, 
the  resultant  figure  is  a  rectangle.  An  example 
is  given  in  Figure  14,  and  the  construction  pro¬ 
ceeds  as  follows.  The  crystallographic  axes  are 
X"  and  Z";  from  X"  lines  are  drawn  through  the  or¬ 
igin  at  angles  ,  and  <p2  •  (These  ip  values  are 
obtained  from  Table  2;  in  the  case  used  here,  0  <* 
100  ,  so  ij>  =690  and  \J>  =125°).  Then,  at  a  con- 
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TA.1LE  4.  FREQUENCY  CHANGE  VERSUS  FORCE  POSITION  FOR  RHOMBOID  AT  CUT  CRYSTAL 


Force  pair  position 

Measured  Frequency  (MHz) 

Frequency  change 
along  chord  (Af/f) 

1* 

4.998878 

2 

4.998879 

’  +1  Hz (+2x1  O'7) 

3* 

4.998880 

4* 

4.998874 

\ 

5 

4.998875 

-1Hz(-2x10"7) 

6* 

4.998875 

*  Equivalent  to  mispositioning  fi  by  +  27.5°  about  the  =  0  points. 


TABLE  5.  FREQUENCY  CHANGE  VERSUS  FORCE  MAGNITUDE  FOR  RHOMBOID  AT  CUT  CRYSTAL 


Force- 

Frequency 

* 

(Af/f) 

Frequency* 

(Af/f) 

Frequency 

* 

(Af/f) 

pair 

position 

Hz 

io-7 

Hz 

10- 7 

Hz 

10- 7 

130 

grams 

230  grams 

330  grams 

1.0 

884  " 

881 

882  ' 

1.5 

883 

V 

+3  Hz 

883 

881 

881 

2.0 

881 

(6.0) 

881 

V 

+3  Hz 

r 

+2  Hz 

2.5 

881 

881 

(6.0) 

882 

(4.0) 

3.0 

884 

884 

884 

4.0 

884 

888  "" 

886 

4.5 

885 

884 

885 

5.0 

885 

-1  Hz 

886 

> 

+2  Hz 

887 

+  2  Hz 

5.5 

885 

(2.0) 

887 

(4.0) 

1 — 

CO 

co 

(4.0) 

6.0 

884  . 

884 

883 

*  Frequency  in  hertz  above  4.998  MHz;  measured  values. 
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.-.venient  distance  from  the  origin,  along  the  Z" 
axis,  the  point  "a"  is  marked.  From  "a",  a  line 
"a-b"  is  drawn  perpendicular  to  the  line  at  angle 
ip l ;  also  from  "a"  a  second  line  "a-c"  is  drawn  per¬ 
pendicular  to  the  line  at  angle  <p2  •  e^e  draw¬ 
ing,  point  "c"  is  located  on  the  X"  axis;  this  is 
a  convenience,  but  is  not  necessary.  Next,  lines 
"c-d"  and  "d-e"  are  drawn  to  be  parallel  to  lines 
"a-b"  and  "a-c",  respectively.  The  plate  can  be 
left  in  the  rhomboid  form  "a-e-d-c",  and  there  is 
an  advantage  to  leaving  some  of  the  tabs  "c-h-f" 
and  "g-e-i"  intact.  However,  considering  only  the 
mounting  aspect  of  the  problem  now,  it  will  be  ex¬ 
plained  how  the  lines  "g-i"  and  "f-h"  arise  and 
what  they  mean. 

Since  the' edge  forces  must  be  collinear,  forces 
applied  co  the  edge  "a-e"  at  an  azimuth  angle  I)/}  , 
cannot  be  met  by  an  opposing  set  of  forces  acting 
along  edge  "c-d"  unless  the  forces  in  question  act 
only  along  "a-g"  and  "d-f".  Similarly,  for  the 
other  edges,  the  forces  can  act  only  along  the  por¬ 
tions  "a-h"  and  "d-i".  Point  "f"  is  found  by  drop¬ 
ping  a  perpendicular  from  "a";  "g"  is  found  from 
"d";  "h"  is  found  from  "d";  "i"  is  found  from  "a". 
Dotted  lines  "f-h"  and  "g-i"  indicate  where  the 
rhomboid  outline  can  be  trimmed  to  produce  the  hex- 
oid  shown  in  solid  lines  in  Figure  9. 

A  similar  construction  follows  for  the  other  0 
values.  For  the  SC  cut,  shown  in  Figure  12,  the 
value  of  turns  out  (by  accident)  to  be  near¬ 

ly  90°,  and  the  construction  yields  a  rectangular 
(or  square)  plate.  The  edges  of  this  plate  are  at 
an  angle  to  the  X"  and  Z"  crystal  axis  though;  the 
plate  is  inclined  to  the  X"  axis  by  36.8°. 


The  angles  can  be  found  analytically  as  follows: 
With  and  p2  the  two  given  angles  where  KjQ,)  is 
zero,  then  let  A-cos  0|)2-<J»l)  and  B^siniWslnti ) . 
Then  find  0  from  cos9  ■  {(1-A)/  /L-2A+B*} .  The 
angle  between  the  mounting  edges  is  then  it  Ofi,  ) ! 

the  angle  between  the  mounting  edge  and  the  edge 
perpendicular  to  the  t|/j  line  is  (tt-0)  •-  the  angle 
between  the  mounting  edge  and  the  edge  perpendicu¬ 
lar  to  the  <p2  line  is  some  cases 

the  supplementary  angle  must  be  taken. 

The  angle  between  the  line  Joining  the  dotted 
vertices  in'Figures  8  to  13  and  the  Xj  axis  spec¬ 
ifies  the  inclination  of  the  plate  and  is  denoted 
a.  Values  of  this  angle  for  the  orientations  shown 
in  Figures  8  to  13  are  given  in  Table  6.  The  an¬ 
gle  a  is  equal  to  ('t2+lill)/2  -  n/2. 

Additional  Considerations 


The  main  feature  of  this  geometry  is  the  use 
of  flat  edges  on  a  crystal  plate  vibrator  (singly 
or  doubly  rotated) ,  located  so  that  mounting  forces 
acting  at  the  edges  do  not  produce  frequency  changes. 
The  forces  can,  and  usually  do,  come  about  due  to 
shocks  and  accelerations  arising  from  external 
sources  such  as  vehicular  motion.  In  addition, 
lonj— term  frequency  shifts,  as  might  be  caused  by 
the  alow  relaxation  of  the  mounting  clips  and  sup¬ 
ports,  are  also  prevented.  The  crystal  outlines 


depend  on  the  0  angle  of  cut;  some  of  these  are 
shown  in  Figures  8  to  13. 

TABLE  6.  INCLINATION  OF  RHOMBOIDS  TO 
CRYSTALLOGRAPHIC  X’j  AXIS. 


$  (degrees) 


a  (degrees) 


0 

0 

10 

6.9 

15 

21.8 

19.1 

31.2 

21.9  to  22.4 

36.8 

30 

-48.2 

Because  of  the  presence  of  relatively  long, 
straight  edges  for  mounting,  the  mounting  stresses 
will  be  lower  than  for  point-mounts,  and  the  sus¬ 
ceptibility  to  breaking  is  also  reduced.  This  in¬ 
creased  ruggedness  is  an  additional  advantage  of 
the  new  shapes.  If,  for  some  reason,  point  clips 
are  used  for  mounting,  the  new  shapes  have  the  fur¬ 
ther  advantage  that  frequency  changes  due  to  collin¬ 
ear  forces  are  reduced  to  zero  regardless  of  where 
the  mounts  are  positioned  along  the  edge;  exact 
placement  of  the  crystal  at  the  proper  place  in  the 
mount  is  not  required  (cf.  Table  5).  If,  as  will 
usually  be  the  case,  the  crystal  is  mounted  by 
clips  extending  over  a  portion  of  the  mounting 
edges,  then  placement  of  the  crystal  in  the  mount 
is  very  easily  and  rapidly  accomplished,  since  it 
is  unnecessary  to  orient  the  crystal  with  respect 
to  the  mounting  clips  as  in  present  designs.  This 
is  because  the  edges  have  been  designed  with  the 
proper  orientation  already. 

In  the  above  description  the  plates  were  pro¬ 
vided  with  four  flat  portions,  while  the  remaining 
portions  of  the  periphery  were  left  circular  (as 
in  Figure  7) ,  were  trimmed  off  to  make  hexoid 
shapes  (as  in  Figures  8  to  13)  or  were  left  as  rhom¬ 
boid  shapes  (dotted  lines  in  Figures  8  to  13) . 

There  are  at  least  two  reasons  for  modifying  the 
non-mounting  edges  further;  (1)  mode  spectrum  con¬ 
trol,  and  (2)  placement  of  electrode  tabs. 

(1)  Mode  spectrum  control  -  A  plot  of  the  cry¬ 
stal  resonator  admittance  versus  frequency  is  call¬ 
ed  the  mode  spectrum.  For  oscillator,  and  more 
particularly,  filter  applications,  it  is  desirable 
that  the  resonator  have  a  spectrum  that  contains 
as  few  extra  resonances  as  possible.  The  mode 
spectra  of  acceptable  and  non-acceptable  crystals 
in  this  regard  are  shown  in  Figure  15.  Production 
of  good  filter  crystals  depends  upon  a  number  of 
factors,  derived  from  theoretical  considerations 
that  collectively  go  under  the  name  "energy  trap,* 
ping".  Several  important  factors  that  contribute 
to  energy  trapping  are: 
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•  plate  size  and  shape,  and  edge  hevel 

•  electrode  size  and  shape 

•  electrode  thickness 

•  position  of  the  electrode  tabs 

Without  going  into  details  at  this  time,  it 
may  he  very  advantageous  to  have  the  clipped-off 
portions  of  the  rhomboid  extend  beyond  the  dotted 
lines  in  Figure  14.  These  dotted  lines  were  deter¬ 
mined  by  considerations  of  collinear  edges  forces, 
and  it  was  pointed  out  that  the  edges  "h-c",  "c-f", 
"i-e",  and  "e-g"  were  of  no  use  in  this  regard. 

For  the  purposes  of  energy  trapping,  it  may  be  ad¬ 
visable  to  clip  off  the  non-mounting  edges  so  that 
they  are  parallel  to  "f-h"  and  "i-g",  but  at  lo¬ 
cations  closer  to  points  "c"  and  "e",  respectively. 
This  is  shown  in  Figure  16  for  the  case  of  the  AT 
cut,  although  the  feature  is  generic  to  all  the 
cuts  from  0=0°  to  0=30°  .  Instead  of  cutting  a- 
long  "f-h."  and  "i-g",  the  cuts  would  be  made  along 
the  primed,  or  double-primed  lines.  Mounting  clips 
would  only  extend  over  those  portions  of  the  mount¬ 
ing  edges  where  the  force-arrows  are  shown  in  Fig¬ 
ure  16. 

C2)  Placement  of  electrode  tabs  -  Electrodes 
are  usually  deposited  on  the  crystal  surface  in  a 
"keyhole"  pattern,  with  overlapping  central  por¬ 
tions  and  "tabs"  that  do  not  overlap;  (see  Figure 
17) .  The  azimuth,  angle  of  the  electrode  tabs  is 
important  in  at  least  two  ways:  (1)  mode  spectrum 
control  and  (2)  temperature  gradient  compensation. 
The  azimuth  angle  is  the  acute  angle  between  the 
tabs  and  the  crystal  X','  axis.  This  angle  plays  a 
role  in  controlling  the  spectrum  of  a  resonator, 
although,  for  doubly  rotated  crystals  this  is  not 
very  well  understood  yet. 

Temperature  gradients  in  the  thickness  direct¬ 
ion  of  a  vibrator  produce  frequency  changes  as 
large  as  those  produced  by  external  forces  and 
accelerations2  .  For  the  doubly  rotated  cut  at 
0=21.3°  to  22.4°  this  effect  vanishes,  and  permits 
thermal-transient-compensated  crystals  for  fast 
warmup  oscillators  and  advanced  frequency  stand¬ 
ards.  For  these  crystals,  however,  thermal  grad¬ 
ients  in  the  lateral  direction  are  not  compensated, 
and  do  produce  frequency  shifts.  Orienting  the 
electrode  tabs  in  azimuth  may  minimize  this.  The 
tabs  would  then  extend  into  the  lengthened  portion 
of  the  hexoid  crystals  as  seen  in  Figure  17,  where 
they  may  conveniently  be  connected  to  the  external 
circuit.  If  the  tabs  can  he  brought  out  to  the 
mounting  portions  of  the  mounting  edges,  then  the 
mounts  can  be  used  for  the  electrical  connections, 
as  is  usual  for  resonators. 

Conclusions 

This  paper  describes  in  detail  a  design  for 
resonator  plates  having  a  prescribed  lateral  con¬ 
tour,  with  mounting  surfaces  provided  along  rela¬ 
tively  large  portions  of  the  periphery,  so  that 
mounting  stresses  are  greatly  reduced  in  size  with 
no  detriment  to  the  force  immunity  of  the  older 


type  of  mounting.  A  different  lateral  contour, 
of  rhomboid  configuration,  for  each  and  every  mem¬ 
ber  of  the  doubly  rotated  family  of  quartz  cuts 
located  on  the  zero  temperature  coefficient  locus 
extending  from  the  AT-cut  to  the  rotated-X-cut  is 
provided.  It  is  shown  that  a  crystal  of  14mm  dia¬ 
meter,  with  this  configuration,  can  be  bonded  a- 
long  a  6.5  mm  edge  (effective  A of  55°),  which, 
when  subjected  to  an  increased  force  of  300  per 
cent,  still  exhibits  less  frequency  change  than 
the  older  type  mounts  even  when  Aip  is  kept  less 
than  +5°  .  Finally,  the  effects  of  truncating  the 
plates  edges  on  the  mode  spectrum,  and  for  thermal 
gradient  compensation  of  the  quartz  plate,  are  con¬ 
sidered. 
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<f>  ( Degrees ) 


1.  Convention  for  Specifying  Plate  and  Force  Angles. 


Definition  of  Mounting  Angles  with  Respect  to 
Crystal  Axes. 
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16.  Modification  of  Geusetry  for  Energy  Trapping 
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Summary 

This  paper  describes  resonator  configurations 
that  are  compensated  for  arbitrary  directions  of 
the  acceleration  field,  and  that  require  no  addi¬ 
tional  electronics  other  than  the  oscillator  cir¬ 
cuitry  normally  used.  This  approach  produces  com¬ 
pensation  with  no  changes  in  size,  weight,  and  power, 
and  applies  to  any  crystal  reference  oscillator  in 
any  shock/vibration  environment  whatsoever. 
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Introduction 

Frequency  perturbations  are  produced  in  crystal 
resonators  by  acceleration-induced  body  forces. 

These  forces  are  distributed  throughout  the  reson¬ 
ator  volume  and  vary  with  the  acceleration  direct¬ 
ion.  For  specific  acceleration  directions  the  ef¬ 
fect  can  be  sharply  reduced  by  changing  the  points 
of  application  of  the  mounting  supports.  Even 
doubly  rotated  cuts  may  be  accomodated,  (although 
the  mounting  design  varies  with  cut),  and  for  some 
of  these  cuts  the  effect  is  further  reduced  below 
the  value  found  for  the  AT  cut.  When  the  acceler¬ 
ation  direction  is  known  in  advance,  positioning 
the  resonator  with  respect  to  this  direction  mini¬ 
mizes  the  problem. 

In  high  shock  and  vibration  environments  such 
as  helicopters,  tanks,  and  other  vehicles,  and  the 
more  moderate  environment  of  manpack  use,  acceler¬ 
ations  occur  in  arbitrary  directions  with  ensuing 
large  frequency  shifts  in  the  crystal  resonance 
frequency.  When  the  acceleration  is  arbitrarily 
oriented  with  respect  to  the  resonator,  no  crystal 
cut  and/or  combination  of  mounting  supports  can  by 
themselves  produce  cancellations  of  the  frequency 
perturbations  to  the  extent  required  by  secure 
systems.  However,  by  taking  advantage  of  the  ex¬ 
perimental  fact  that  the  resonance  frequency  shift 
changes  sign  with  reversal  of  the  acceleration  di¬ 
rection  and  the  fortunate  happenstance  that  quartz 
occurs  in  rig'nt-and  left-handed  pairs,  composite 
resonators  of  either  discrete  or  stacxed  varieties 
may  be  fashioned  having  vastly  decreased  acceler¬ 


ation  sensitivity,  whatever  the  acceleration  dir¬ 
ection  may  be,  with  no  concomitant  degradation  of 
any  of  the  desirable  resonator  properties.  The 
approach  is  applicable  to  doubly  rotated  crystals 
as  well  as  singly,  so  that  the  additional  nonlinear 
compensation  of  thermal  transients,  etc.,  that  oc¬ 
curs  for  these  cuts  can  be  had  along  with  acceler¬ 
ation  hardening. 

Acceleration  Effects 

In  the  static  force-frequency  effect,1-31  forces 
and  moments  acting  on  the  peripheral  boundary  of 
a  crystal  resonator  serve  to  produce  frequency 
changes  in  the  resonator.  Accelerations  of  the 
crystal  plate,  on  the  other  hand,  produce  distrib¬ 
uted  body  forces  throughout  the  resonator  volume 
that  are  cctununicated  at  the  crystal  boundary  to 
the  mounting  supports.  The  stress  distribution 
within  the  crystal  depends  not  only  upon  the  mount¬ 
ing  points,  but  also  on  the  direction  of  the  accel¬ 
eration.  In  general  the  static  and  dynamic  effects 
will  produce  different  states  within  the  vibrator, 
and  different  frequency  shifts.32-53  Some  appli¬ 
cations  of  the  effect  to  realize  accelerometers 
have  been  made,36*1*3  but  much  more  often  the  effect 
is  highly  undesirable,  and  efforts  co  reduce  the 
effect  have  continued  for  the  past  twenty  years.32*52 

Within  the  past  five  years  the  problem  has  be¬ 
come  particularly  acute,  due  to  exacting  require¬ 
ments  arising  from  the  present  and  projected  se¬ 
cure  digital  systems  for  comnuni cation,  command, 
and  control,  and  for  navigation/position  location. 
Fortunately,  during  this  interval  a  number  of  ad¬ 
vances  have  come  about  that  in  combination  promise 
a  significant  reduction  in  the  acceleration  sensi¬ 
tivity  of  crystal  resonators.  One  of  these  devel¬ 
opments  is  the  introduction  of  doubly  rotated  cuts. 
(References  21-23,  54).  Another  is  the  use  of  new 
support  configurations.53*55  Additional  develop¬ 
ments  will  be  detailed  in  ensuing  sections. 

Concurrent  with  these  developments,  a  nonlinear 
theory  has  been  fashioned  by  Lee  and  his  co-workers 
that  describes  the  force-frequency  effect,15-20 
and  acceleration  effects  in  singly  rotated,  rotated- 
Y-cut  quartz  plates.40;46;49  A  plate  theory  has 
also  been  developed  for  doubly  rotated  quartz  cuts.56 
Such  a  theory  will  provide  a  necessary  understand¬ 
ing  of  the  mounting  support  problem  as  applied  to 
accel erati on-compensated  resonators . 


Acceleration  Compensation 

One  of  the  most  recent  acceleration  corapensa- 
tion  schemes  is  the  systems  approach  of  Przyjemski. 
(References  45,48,51).  In  it,  ancillary  accelero¬ 
meters  sense  the  applied  acceleration  components 
along  three  orthogonal  directions  and  this  inform¬ 
ation  is  used  to  feed  back  a  compensation  signal 
to  correct  the  crystal  frequency.  This  arrange¬ 
ment  provides  improvements  of  a  factor  twenty  or 
so  over  an  uncompensated  resonator ,  and  works  for 
arbitrary  directions  of  applied  acceleration. 

Another  acceleration  compensation  scheme  is 
that  of  Gagnepain  and  Walls.41* a3’ss  In  this  ar¬ 
rangement,  two  quartz  vibrators  are  connected  elec¬ 
trically  in  series,  in  the  manner  used  long  ago  by 
Kogas7> 58  to  effect  temperature  compensation.  Now, 
however,  the  crystals  are  oriented  so  that  the  axes 
along  which  the  acceleration-frequency  effect  is 
greatest  are  antiparallel  in  pairs According  to 
the  measurements  of  Valdois, 37-39  for  AT  cut  discs 
supported  along  the  Z‘  axis,  the  directions  of 
greatest  acceleration  sensitivity  are  for  acceler¬ 
ation  fields  along  the  Y'  axis,  which  coincides  with 
the  disc  thickness,  and  for  fields  along  the  Z'  axis. 
Because  the  sensitivity  is  least  for  X-directed 
fields,  the  discs  are  oriented  so  that  the  X  axes 
of  both  discs  are  parallel,  and  the  V  and  Z‘  axes 
are  antiparallel.  Then  compensation  is  achieved 
for  directions  of  acceleration  lying  in  the  plane 
normal  to  the  common  X  axis.  The  experimental  ar¬ 
rangement  and  results  of  Valdois37-39  are  shown 
in  Figure  1. 

A  configuration  alternative  to  that  of 
Gagnepain  and  Walls  was  proposed  by  Vi g, 59  wherein 
the  two  paired  resonators  are  mated  in  the  fashion 
of  a  two-layer  stacked  crystal  filter.60-64  In 
this  case  the  angle  $  between  the  X  axes  of  both 
crystals  would  be  zero.  The  acceleration-frequency 
behavior  would  be  similar  to  that  of  the  discrete 
configuration,  but  the  stack  would  be  more  robust 
and  occupy  less  room  than  two  separate  vibrators. 

Enantiomorphous  Crystals 

Two  identical  crystal  resonators  can  only  be 
manipulated  so  that  an  even  number  of  their  re¬ 
spective  crystal  axes  are  antiparallel.  Reversal 
of  an  odd  number  requires  an  improper  rotation. 
Fortunately,  just  such  an  operation  is. possible 
with  quartz!  The  operation  changes  the  handedness 
of  the  crystal.  When  two  crystal  resonators,  i- 
dentical  except  for  their  handedness,  are  used  as 
a  pair,  they  may  be  oriented  as  shown  in  Figure  2 
with  corresponding  axes  antiparallel.  Then,  from 
the  results  shown  in  Figure  1,  where  the  frequency 
change  reverses  sign  with  reversal  of  acceleration 
direction,  paired  resonators  will  suffer  no  freq¬ 
uency  shift  for  any  direction  of  the  acceleration 
field.  This  statement  holds  for  pairs  configured 
as  discrete  vibrators,  or  as  a  composite  stack. 

Quartz  is  not  the  only  enantiomorphous  crystal, 
of  course.  Any  representative  of  the  eleven  cry¬ 
stal  classes  given  in  Figure  3  exhibits  this  pro¬ 
perty.  These  are  the  classes  without  a  plane  of 


synmetry.  The  enantiomorphs  bear  a  mirror  image 
relationship  to  each  other;  all  are  noncentrosym- 
metric,  and  hence  (with  the  exception  of  class  432) 
are  piezoelectric.  There  is  at  least  one  repre¬ 
sentative  from  each  of  the  seven  crystal  systems. 
Figure  3  also  gives  the  number  of  second  and  third 
order  elastic  coefficients,  followed  by  the  number 
of  respective  coefficients  that  are  independent. 
Berlinite  (class  32)  is  enantiomorphous,  lithium 
tantalate  and  lithium  niobate  (class  3m)  are  not. 

Paired  enantiomorphs  of  idealized  crystals  of 
quartz  are  given  in  Figures  4  to  7.  In  each  case 
the  left-  hand  type  is  on  the  left  and  the  right- 
hand  type  is  on  the  right.  In  the  figures,  and 
for  the  rest  of  the  paper  it  will  be  convenient 
to  work  with  coordinate  systems  having  the  same 
chirality  as  the  type  of  quartz:  left  for  left- 
quartz,  right  for  right-  quartz.  This  convention 
was  first  proposed  by  Koga65  in  1929  and  adopted 
in  a  1945  report  by  the  IRE,  following  upon  a  pap¬ 
er  by  Cady  and  Van  Dyke.66  It  is  also  used  in 
Cady's  book.67  The  1949  IRE  standard  adopted  a 
right-hand  coordinate  system  for  both  forms,  and 
the  latest  IEEE  standard  has  continued  the  conven¬ 
tion  of  its  predecessor.69  A  recent  paper  by  Donnay 
and  LePage70  lucidly  sets  forth  reasons  for  using 
two  coordinate  systems  for  enantiomorphs.  Inci¬ 
dentally,  morphological  enantiomorphism  appears 
first  to  have  been  explicitly  recognized  by  Louis 
Pasteur;  the  usual  attribution  is  to  Hauy  who  il¬ 
lustrated  both  types  of  quartz,  but  his  writings 
do  not  show  that  he  recognized  the  difference.71 
The  question  is  still  very  much  an  open  one.72>73 

The  enantiomorphs  discussed  here  correspond  to 
what  is  called  Brazil,  or  optical,  twinning  in  na¬ 
tural  quartz.  The  other  category  of  twinning  often 
present  in  natural  quartz  is  Dauphine,  or  electri¬ 
cal,  twinning,  where  the  two  forms  are  rotated, 
with  respect  to  each  other,  about  the  Z  (or  optic) 
axis  so  that  the  X  axes  are  in  opposite  (anti para¬ 
llel)  directions,  but  the  handedness  is  unaffected. 
Dauphine  twinning  may  be  brought  about  relatively 
easily  and  involves  small  changes  in  atomic  posi¬ 
tions,  whereas  Brazil  twinning  requires  the  break¬ 
ing  of  atomic  bonds  and  a  significant  expenditure 
of  energy.74’75  Yoda  proposed  the  use  of  electri¬ 
cally  and  optically  twinned  quartz  for  crystal  vi¬ 
brators  before  cultured  bars  attained  the  degree 
of  use  that  they  enjoy  today.76 

Right-  and  left-  handed  cultured  quartz  bars 
("Y-bars")  are  shown  as  line  drawings  in  Figures  8 
and  9,  respectively;77  also  indicated  are  the  na¬ 
tural  "r",  "m",  and  "z"  faces,  and  the  orientation 
of  the  AT  cut.  If  a  left-  and  a  right-  handed  AT 
cut  are  oriented  so  that  their  axes  are  respectively 
antiparallel,  as  shown  in  Figure  2,  and  connected 
electrically  in  series  or  in  parallel,  then  the 
combination  becomes  insensitive  to  acceleration 
fields  of  arbitrary  orientation,  provided  that  the 
symmetry  of  the  mountings  is  maintained.53’ 55  This 
is  the  discrete  configuration,  where  the  crystal 
plates  are  physically  unjoined. 
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Stacked  Crystal  Structures 

The  stacked-crystal  configuration  came  about 
originally  for  filters60-6"*  when  used  in  the  multi- 
mode  configuration.  Layered  structures  utilizing 
a  single  mode  have  been  more  commonly  used.78-92 
Here  we  discuss  the  stacking  of  two  enantiomorphous 
pairs  with  respective  axes  antiparallel  (as  in  Fig¬ 
ure  2),  and  operated  as  a  single  resonator  of  com¬ 
posite  form.  Both  crystals  are  of  identical  design; 
that  is,  they  have  identical  individual  frequencies, 
electrode  patterns,  etc.  Figure  10  gives  the  four 
possible  two-crystal  structures.  The  two  on  the 
left  in  the  figure  are  connected  electrically  in 
series;  the  two  on  the  right  are  in  parallel  elec¬ 
trically.  The  upper  two  are  arranged  so  that  the 
electric  fields  in  the  two  crystal  plates  are  an- 
tiparallel;  the  bottom  two  structures  have  electric 
fields  that  are  parallel  in  the  two  crystals.  For 
the  upper  structures,  the  odd  harmonics  (of  the 
composite  taken  as  a  whole)  are  driven,  while  the 
even  harmonics  are  driven  in  the  two  lower  struct¬ 
ures.  In  the  upper  left  and  lower  right  configura¬ 
tions,  an  insulating  film  or  layer  between  the  cry¬ 
stals  is  necessary  for  operation,  and  large  values 
of  capacitance  would  be  associated  therewith,  to 
the  detriment  of  the  composite.  This  leaves  the 
two  configurations  of  Figure  11  as  the  simplest  and 
most  practical  stacked  crystal  resonators  for  accel¬ 
eration  immunity.  The  structure  on  the  left  of  the 
figure  consists  of  two  crystal  plates  connected 
electrically  in  parallel,  using  a  common  central 
electrode.  It  operates  at  odd  harmonics  of  the  fun¬ 
damental  frequency  of  the  composite,  i.e.,  at  one 
half,  three  halves,  etc.,  of  the  frequency  of  each 
crystal  plate  operated  separately. 

The  structure  on  the  right  side  of  Figure  11  is 
the  series  version  of  the  stack,  and  operates  at 
even  harmonics.  A  central  electrode  is  not  even 
necessary  in  this  configuration.  Provided  the  plates 
to  be  joined  have  parallel  mating  surfaces  and  are 
sufficiently  clean  of  contaminants,  they  will  ad¬ 
here.  An  apparatus  that  can  be  used  for  this  pur¬ 
pose  is  nearing  completion.93 

Implicit  in  the  discussion  above  have  been  as  - 
sumptions  that  the  stacked  crystal  composite  vibra¬ 
tor  consists  of  two  crystal  twins  that  each  operate 
in  a  single  mode,  and  that  when  the  two  vibrators 
are  joined,  the  composite  continues  to  operate  in 
this  manner.  For  the  singly  rotated  cuts  (YX£)  0 
of  quartz,  including  the  AT  and  BT  cuts,  it  is  easy 
to  see  that  this  will  be  the  case,  since  each  vibra¬ 
tor  is  driven  ir.  the  slow  shear  mode  by  a  thickness- 
directed  electric  field.  This  mode  has  particle 
motion  strictly  along  the  X  axis,  so  that  when  the 
two  plates  are  joined,  the  composite  will  also  have 
motions  along  X;  the  phase  of  the  motions  in  the 
two  component  plates  will  depend  on  how  the  elec¬ 
trodes  are  connected,  and  hence,  on  whether  the 
electric  fields  in  the  two  plates  are  parallel  or 
antiparallel.  The  phase  will  dictate  whether  even 
or  odd  harmonics  of  the  composite  are  driven. 

The  most  important  recent  development  in  the 
area  of  high  precision  frequency  control  has  been 
the  introduction  of  doubly  rotated  cuts  of  quartz 


having  compensation  of  certain  nonlinear  elastic 
effects  that  otherwise  cause  very  undesirable  stress- 
frequency91^95  and  thermal  transient/thermal  grad¬ 
ient-  frequency  effects.96-101  For  these  crystal 
cuts  the  three  piezoelectrically  driven  modes  all 
have  particle  motion  that  is  neither  parallel  to, 
nor  perpendicular  to,  the  plate  normal.  It  is  not 
clear,  therefore,  that  such  plates  can  be  used  in 
the  stacked  configuration  for  acceleration  compen¬ 
sation  in  the  manner  described  above.  This  will 
now  be  demonstrated. 

Doubly  Rotated  Enantiomorphs 

Both  singly  and  doubly  rotated  enantiomorphs 
are  shown  in  Figure  12.  It  is  seen  that  the  mirror- 
image  property  holds  for  any  orientation.  Assume 
that  a  doubly  rotated  cut,  e.g.,  the  SC  cut,  has 
been  fashioned  in  both  right-  and  left-  handed  forms; 
also  assume  that  the  corresponding  plate  axes  have 
been  simply  labeled  X,Y  and  Z  (instead  of  double¬ 
prime  axes).  Now  suppose  that  a  portion  of  each 
plate  is  considered  to  have  dimensions  such  that 
the  eigenvector  corresponding  to  the  mode  under 
question  points  in  the  direction  from  an  origin  "0" 
along  the  major  hypotenuse  of  the  parallelepiped, 
as  seen  in  Figure  13.  On  the  left  is  the  left- 
handed  plate  (or  portion  thereof),  with  particle 
motion  along  "OA";  the  motion  thus  has  components 
both  along  and  perpendicular  to  the  major  plate 
surfaces.  The  mirror  image  right-handed  plate  seen 
in  the  center  of  Figure  13  has  particle  motion  along 
"OB",  because  "OB"  is  the  mirror  image  of  "AO".  In 
order  to  orient  the  right-handed  plate  so  that  its 
axes  are  anti  parallel  to  those  of  the  left-handed 
plate,  and  thereby  achieve  the  configuration  for 
acceleration  compensation,  it  is  only  necessary  to 
rotate  the  center  drawing  in  Figure  13  about  the  Y 
axis  until  the 

rightmost  drawing  is  reached.  Then  the  line  "OB", 
seen  in  the  right  portion  of  the  figure  is  exactly 
in  line  with  "OA"  seen  in  the  left  portion  of  the 
figure.  The  stacking  thus  can  take  place  without 
any  difficulty;  the  argument  holds  for  all  three 
plate  thickness  modes,  with  the  conclusion  that 
doubly  rotated  plates  may  be  stacked  as  readily  as 
singly  rotated  plates,  and  no  problem  of  introducing 
additional  mode  coupling  will  arise,  provided  the 
corrt:oonding  axes  are  either  all  parallel  (two  plates 
of  the  same  handedness)  or  all  anti  parallel  (two 
plates  of  opposite  handedness). 

Realization  of  acceleration  compensation  in  the 
manner  set  forth  in  this  paper  requires  the  availa¬ 
bility  of  quartz  bars  of  both  handednesses.  Aim  st 
all  of  the  cultured  quartz  Y-bars  produced  today  are 
right-handed,  although  left-handed  bars  can  be  ob¬ 
tained  on  special  order.  Moreover,  production  has 
begun  of  bars  ("SC-cut  bars")  grown  for  the  purpose 
of  making  doubly  rotated  SC  cuts.102)103  These  have 
been  right-handed  to  date.  In  order  to  speed  the 
introduction  and  use  of  doubly  rotated  cuts  in  gen¬ 
eral  ,  and  doubly  rotated  enantiomorphs  in  particular, 
we  reproduce  in  Figures  14  to  17  photographs  of  an 
SC-bar.102  The  right-handed  original  is  shown  in 
the  lower  portion  of  each  figure,  and  the  left-handed 
print,  made  by  reversing  the  negative  of  the  original, 
is  shown  in  the  upper  portion  of  each  figure.  Cor- 
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responding  line  drawings,  with  axes  and  identifi 
cation  of  faces  are  given  in  Figures  18  to  25. 
The  correspondences  are  as  follows: 


Figure  18  corresponds 
Figure  19  corresponds 
Figure  20  corresponds 
Figure  21  corresponds 
Figure  22  corresponds 
Figure  23  corresponds 
Figure  24  corresponds 
Figure  25  corresponds 

Figure  26  depicts  the  end 


to  Figure  14  (top) 
to  Figure  14  (bottom) 
to  Figure  15  (top) 
to  Figure  15  (bottom) 
to  Figure  16  (top) 
to  Figure  16  (bottom) 
to  Figure  17  (top) 
to  Figure  17  (bottom) 

faces  of  SC-bars. 


In  the  foregoing  we  have  seen  how  it  is  nec¬ 
essary  for  the  corresponding  axes  of  the  quartz 
plates  to  be  properly  identified.  In  particular, 
it  is  advantageous  to  have  a  simple  method  of  de¬ 
termining  the  positive  and  negative  X  axes  of  blanks. 
One  practical  and  simple  method  is  to  use  chemical 
etching.104!105  For  doubly  rotated  SC  cuts  it  has 
been  shown  to  be  a  readily  applicable  and  practical 
method. los 


Equivalent  Networks 


The  usual  equivalent  circuits  used  for  crystals 
are  inappropriate  here  because  they  do  not  take  into 
account  the  piezoelectric  polarities  explicitly. 
Figure  27  shows  the  analog  equivalent  network63  of 
a  crystal  wherein  a  single  mode  is  piezoelectrically 
driven.  The  placement  of  the  piezo- transformer  dots 
and  the  coordinate  axes  identify  the  network  as  re¬ 
presenting  a  right-handed  crystal.  The  correspond¬ 
ing  network  for  a  left-handed  crystal  is  given  in 
Figure  28. 

In  Figure  29,  the  crystals  of  Figures  27  and  28 
(schematized  as  boxes),  are  shown  on  either  side  of 
the  central  mirror  plane  of  symmetry.  The  network 
representation  of  the  reversal  of  the  crystal  axes 
by  rotation  of  one  of  the  plates  about  the  thick¬ 
ness  axis  is  depictea  in  Figure  30.  Attachment  of 
the  crystals  may  now  be  made  to  realize  either  the 
discrete  or  the  stacked  configuration.  If  the  dis¬ 
crete  configuration  is  to  be  realized,  then  the  fol¬ 
lowing  ports  are  shorted  to  indicate  traction-free 
mechanical  boundary  conditions:  CO,  EF,  IJ,  and  Kl. 
Ports  AB  and  GH  are  then  connected  electrically  in 
series  or  parallel  as  indicated  in  the  discussion 
of  Figures  10  and  11 . 

Realization  of  the  stacked  configuration  re¬ 
quires,  in  Figure  30,  the  direct  connection  of  mech¬ 
anical  ports  CD  and  IJ  to  each  other,  and  shorting 
of  ports  EF  and  KL.  The  electrical  ports  are  treated 
as  above. 

The  case  of  a  stacked,  doubly  rotated  pair  of 
plates  is  shown  in  Figure  31.  Here  all  three  thick¬ 
ness  modes  are  excited  in  each  plate.  The  rotation 
of  one  plate  about  the  thickness  axis  required  for 
acceleration  compensation  is  represented  by  the 
mechanical  transformers  in  the  center  if  we  select 
minus  one  as  the  turns  ratio.  When  two  of  the  thick¬ 
ness  modes  can  be  neglected  compared  to  the  third, 
then  the  resulting  network  appears  as  in  Figure  32 
with  the  minus  one  ratio  chosen.  The  inductances 


labeled  L  are  equivalents  of  electrode  mass*54 
Connection  of  terminals  A  to  D  and  B  to  C  in  Figure 
32  produces  the  parallel  connection  seen  on  the  left 
side  of  Figure  11. 

In  order  for  the  networks  shown  to  simulate 
the  effects  of  an  acceleration  field,  the  individual 
parameters  must  be  made  functions  of  the  accelera¬ 
tion;  this  can  be  done  without  any  great  difficulty. 
In  the  configurations  where  compensation  takes  place, 
the  net  frequency  deviation  will  be  zero  provided 
the  resonators  forming  the  composite  are  identical 
in  design,  in  reference  frequency  and  in  mounting. 

The  compensation  described  in  this  paper  arises  from 
geometrical  considerations  regarding  the  crystals; 
it  is  assumed  that  the  boundary  conditions  are  like¬ 
wise  identical;  any  departure  from  symmetry  in  this 
regard  could  be  expected  to  produce  deteriorated 
performance.  Any  misorientations  due  to  manufact¬ 
uring  deviations  resulting  in  slight  relative  rota¬ 
tions  of  the  plate  about  the  common  thickness  (Y) 
direction  will  couple  all  three  thickness  modes  to¬ 
gether  via  a  mechanical  interface  transformer63  with 
turns  ratios  that  depart  from  zero  as  sin  where  $ 
is  the  small  angular  error,  and  from  one  as  cos  ■;>. 

Racemic  Structures: 


Advantages  -  Disadvantages 

Insofar  as  a  balanced  mixture  of  right-  and  left- 
rotating  molecules  is  called  a  "racemic"  state,  the 
balanced  structures  introduced  in  this  paper  might 
also  be  referred  to  as  racemic.  We  outline  below 
certain  of  the  pros  and  cons  of  the  racemic  struct¬ 
ures  considered: 

Advantages  -  Permit  use  of 

•  Arbitrary  acceleration  directions 

•  Discrete  or  stacked  configurations 

•  Singly  or  doubly  rotated  cuts 

•  Special  mounting  systems 

BVA53  > 55 
Rhomboid  31 

•  Any  enantiomorphous  crystal  class  or  material 

•  Plano  -  convex  plates 

•  Any  type  of  mode  for  which  reversal  of  the  ac¬ 
celeration  direction  is  found  to  reverse  the 
frequency  shift  in  a  single  resonator 

thickness  BAW 
contour  BAW 
flexure  BAW 
SBAW  or  SSBW 
SAW 

•  Any  of  the  above  in  combination 
Disadvantages  - 

•  Bonding  or  joining  plates  in  stacked  struct¬ 
ure  (But  see  Ref.  93) 

•  Edge  mounts  sensitive  to  small  errors46'49 

•  Stacking  misorientation  errors  couple  modes63 

Acknowledgment 


The  author  would  like  to  acknowledge  helpful  discus¬ 
sions  with  Dr.  John  Vig,  Ted  Lukaszek,  and  John  Gual- 
tieri  of  USAERADCOM,  Ft.  Monmouth.  He  also  wishes 
to  thank  Profs.  C.J.  Schneer,  U.  New  Hampshire;  J. 
D.H.  Donnay,  McGill  U.;  M.J.  Buerger  and  C.  Frondel , 
Harvard  U.  The  author  also  wishes  to  cite  his  twin¬ 
ned  friends  depicted  in  Figure  33! 


325 


REFERENCES* 

1.  V.E.  Bottom,  "Note  on  the  Anomalous  Thermal 
Effect  in  Quartz  Oscillator  Plates",  American 
Mineralogist,  Vol.  32,  September-October  1947, 
pp.  590-591. 

2.  E.A.  Gerber,  "Precision  Frequency  Control  for 
Guided  Missiles",  Proc.  1st  IRE  National  Con¬ 
vention  on  Military  Electronics,  Session  6, 

June  1957,  pp.  91-98. 

3.  E.A.  Gerber,  "Reduction  of  Frequency-Tempera¬ 
ture  Shift  of  Piezoelectric  Crystals  by  Appli¬ 
cation  of  Temperature-Dependent  Pressure", 

Proc.  IRE,  Vol.  48,  February  1960,  pp.  244- 
245.  - 

4.  A.D.  Ballato  and  R.  Bechmann,  “Effect  of  In¬ 
itial  Stress  in  Vibrating  Quartz  Plates", 

Proc.  IRE,  Vol.  48,  February  1960,  pp.  261-262. 

5.  A.D.  Ballato,  "Effects  of  Initial  Stress  on 
Quartz  Plates  Vibrating  in  Thickness  Modes", 
Proc.  14th  AFCS,  May-June  196Q,  pp.  89-114. 

6.  E.A.  Gerber  and  M.H.  Miles,  “Temperature  Com¬ 
pensation  of  Piezoelectric  Resonators  by  Mech¬ 
anical  Stress",  Proc.  15th  AFCS,  May-June  1961, 
pp.  49-65. 

7.  E.A.  Gerber  and  M.H.  Miles,  "Reduction  of  the 
Frequency-Temperature  Shift  of  Piezoelectric 
Resonators  by  Mechanical  Stress'-,  Proc.  IRE, 
Vol.  49,  November  1961,  pp.  1650-1654. 

8.  C.R.  Mingins,  R.W.  Perry,  end  L.C.  Barcus, 
'Effects  of  External  Forces  (Transient  and  Per¬ 
manent)",  Quarterly  Report  do.  1  on  Contract 
No.  DA28-043-AMC-01 240(E),  1  May  to  31  July 

1965,  US  Army  Electronics  Command,  Fort  Mon¬ 
mouth,  NJ  07703. 

9.  C.R.  Minqins  R.W.  Perry,  and  L.C.  Barcus, 
"Effects  of  External  Forces  (Transient  and  Per¬ 
manent)",  Quarterly  Report  No.  2  on  Contract 
No.  DA28-043-AMC-01 240(E),  1  August  to  31  Oct¬ 
ober  1965,  US  Army  Electronics  Command,  Ft  Mon¬ 
mouth,  NJ  07703. 

10.  C.R.  Mingins,  R.W.  Perry,  and  L.C.  Barcus, 
"Effects  of  External  Forces  (Transient  and  Per¬ 
manent)",  Quarterly  Report  No.  3  on  Contract 
No.  DA28-043-AMC-01240(E) ,  1  November  1965  to 
31  January  1966,  US  Army  Electronics  Conmand, 
Fort  Monmouth,  NJ  07703. 

11.  C.R.  Mingins,  R.W.  Perry,  and  L.C.  Barcus, 
"Effects  of  External  Forces  (Transient  and  Per¬ 
manent)",  Final  Report,  on  Contract  DA28-043- 
AMC-01240(E) ,  3  May  1965  to  2  May  1966,  US  Army 
Electronics  Command,  Fort  Monmouth,  NJ  07703; 
"Transient  Reactions  to  Stress  Changes  in  Vib¬ 
rating  Crystal  Plates",  Proc.  20th  AFCS,  April 

1966,  pp.  50-69. 

12.  J.M.  Ratajski,  "The  Force  Sensitivity  of  AT- 
Cut  Quartz  Crystals",  Proc.  20th  AFCS,  April 
1966,  pp.  33-49. 


13.  R.W.  Keyes  and  F.W.  Blair,  "Stress  Dependence 
of  the  Frequency  of  Quartz  Plates",  Proc.  IEEE 
Vol.  55,  April  1967,  pp.  565-566. 

14.  J.M.  Ratajski,  "Force-Frequency  Coefficient 
of  Singly-Rotated  Vibrating  Quartz  Crystals", 
IBM  J.  Res.  Dev.,  Vol.  12,  January  1968,  pp. 
92-99. 

15.  P.C.Y.  Lee,  Y.S.  Wang,  and  X.  Markenscoff, 
"Elastic  Waves  and  Vibrations  in  Deformed  Cry¬ 
stal  Plates",  Proc.  27th  AFCS,  June  1973,  pp. 
1-6. 

16.  P.C.  Y.  Lee,  Y.S.  Wang,  and  X.  Markenscoff, 
"Effects  of  Initial  Bending  on  the  Resonance 
Frequencies  of  Crystal  Plates",  Proc.  28th 
AFCS,  May  1974,  pp.  14-18. 

17.  P.C.Y.  Lee  and  D.W.  Haines,  "Piezoelectric 
Crystals  and  Electroelasticity",  in  R.D.Mindlin 
and  Applied  Mechanics,  (G.  Herrmann,  ed.)  Per- 
gamon  Press,  New  York,  1974,  pp.  227-253. 

18.  P.C.Y.  Lee,  Y.S.  Wang,  and  X.  Markenscoff, 

"High  Frequency  Vibrations  of  Crystal  Plates 
under  Initial  Stresses",  J.  Acoustl  Soc.  Amer., 
Vol.  57,  Jan  1975,  pp.  95-105. 

19.  P.C.Y.  Lee,  Y.S.  Wang,  and  X.  Markenscoff, 
"Nonlinear  Effects  of  Initial  Bending  on  the 
Vibrations  of  Crystal  Plates",  J.  Acoust.  Soc. 
Am.,  Vol.  59,  Jan  1976,  pp.  90-96. 

20.  P.C.Y.  Lee,  "Some  Problems  in  Vibrations  of 
Piezoelectric  Crystal  Plates",  Report  on  the 
Workshop  on  Application  of  Elastic  Waves  in 
Electrical  Devices,  Non-Destructive  Testing 
and  Seismology,  (J.D.  Achenbach,  Y.H.  Pao, 
and  H.F.  Tiersten,  eds.).  Northwestern  Univer¬ 
sity,  Evanston,  Illinois  60201,  May  1976,  pp. 
442-489. 

21.  A.  Ballato,  E.P.  EerNisse,  and  T.  Lukaszek, 

"The  Force-Frequency  Effect  in  Doubly  Rotated 
Quartz  Resonators",  Proc.  31st  AFCS,  June  1977, 

pp.  8-16. 

22.  A.  Ballato,  T.  Lukaszek,  and  E.P.  EerNisse, 
"Force-Frequency  and  Other  Effects  in  Doubly 
Rotated  Vibrators",  Technical  Report  ECOM- 
4536,  US  Army  Electronics  Conmand,  Fort  Mon¬ 
mouth,  NJ  07703,  September  1977,  45  pp. 

23.  E.P.  EerNisse,  T.  Lukaszek,  and  A.  Ballato, 
"Variational  Calculation  of  Force-Frequency 
Constants  of  Doubly  Rotated  Quartz  Resonators", 
IEEE  Trans.  Sonics  Ultrason.,  Vol.  SU-25,  May 
1978, pp.  132-138. 

24.  D.  Janiaud,  L.  Nissim,  and  J.-J.  Gagnepain, 
"Analytical  Calculation  of  Initial  Stress 
Effects  on  Anisotropic  Crystals:  Application 
to  Quartz  Resonators",  Proc.  32nd  AFCS,  May- 
June  1978,  pp.  169-179. 

25.  E.P.  EerNisse,  "Rotated  X-Cut  Quartz  Resonators 
for  High  Temperature  Applications",  Proc.  32nd 
AFCS,  May-June  1978,  pp.  255-259. 


326 


26.  A.  Ballato,  "Four-Point  Mounting  Configuration 
for  Resonators  Subjected  to  Severe  Environments", 
Technical  Report  ECOM-4544,  US  Army  Electronics 
Command,  Fort  Monmouth,  NJ  07703,  November  1977, 

14  pp. 

27.  A.  Ballato,  "Force-Frequency  Compensation  Ap¬ 
plied  to  Four-Point  Mounting  of  AT-Cut  Resona¬ 
tors",  IEEE  Trans.  Sonics  Ultrason.,  Vol.  SU-25, 
July  1978,  pp.  223-226. 

28.  T.  Lukaszek  and  A.  Ballato,  "Resonators  for  Ac¬ 
celeration  Environments",  Technical  Report 
DELET-TR-79-10,  US  Army  Electronics  R&D  Command, 
Fort  Monmouth,  NJ  07703,  June  1979,  33  pp. 

29.  E.P.  EerNisse,  “Temperature  Dependence  of  the 
Force  Frequency  Effect  for  the  Rotated  X-Cut", 
these  proceedings. 

30.  E.D.  Fletcher  and  A.J.  Douglas,  "A  Comparison 
of  the  Effects  of  Bending  Moments  on  the  Vibra¬ 
tions  of  AT  and  SC  (or  TTC)  Cuts  of  Quartz", 
these  proceedings. 

31.  T.J.  Lukaszek  and  A.  Ballato,  "Resonators  for 
Severe  Environments",  these  proceedings. 

32.  A.W.  Warner  and  D.L.  White,  "An  Ultra-Precise 
Standard  of  Frequency",  Eleventh  Interim  Report 
on  Contract  DA  36-039  SC-73078  to  US  Army  Sig¬ 
nal  R&D  Laboratory,  Fort  Monmouth,  NJ.  July 
1959,  42  pp. 

33.  A.W.  Warner,  "Design  and  Performance  of  Ultra- 
precise  2.5-mc  Quartz  Crystal  Units",  Bell  Syst. 
Tech.  J.,  Vol. 39,  September  1 960, pp. 11 93-1 21 7. 

34.  D.L.  Hammond,  "Precision  Quartz  Resonators", 

Proc.  15th  AFCS,  May-June  1961,  pp. 125-138. 

35.  W.J.  Spencer  and  W.L.  Smith,  "Precision  Crystal 
Frequency  Standards",  Proc.  15th  AFCS,  May-June 
1961,  pp.  139-155. 

36.  E.A.  Gerber,  "Piezoelectric  Accelerometer",  US 
Patent  No.  3,348,076,  October  17,  1967. 

37.  M.  Valdois,  J.  Besson,  and  J.-J.  Gagnepain, 
"Influence  of  Environment  Conditions  on  a  Quartz 
Resonator",  Proc.  28th  AFCS,  May  1974, pp.  19-32. 

38.  M.  Valdois,  "Etude  de  V Influence  d‘ Accelerations 
sur  les  Propriety  des  R£sonateurs  &  Quartz", 
These,  Universite'  de  Besanijon,  June  1974,  73 

pp. 

39.  M.  Valdois,  "Influence  des  Conditions  d'Environne- 
ment  sur  un  Resonateur  a  Quartz",  ONERA  Note 
Technique  No.  225,  Chatillon,  France,  1974, 

75  pp. 

40.  P.C.Y.  Lee  and  K.-M.  Wu,  "Effects  of  Accelera¬ 
tion  on  the  Resonance  Frequencies  of  Crystal 
Plates",  Proc.  30th  AFCS,  June  1976,  pp.  1-7. 

41.  J.-J.  Gagnepain  and  F.L.  Walls,  "Quartz  Crystal 
Oscillators  with  Low  Acceleration  Sensitivity", 
Technical  Report  NBSIR  77  -  855,  National  Bu¬ 


reau  of  Standards,  Washington,  DC  20234,  March 
1977,  15  pp. 

42.  J.A.  Kusters,  C.A.  Adams,  H.  Yoshida,  and  J.G. 
Leach,  "TTC’s  -  Further  Developmental  Results", 
Proc.  31st  AFCS,  June  1977,  pp.  3-7. 

43.  M.  Onoe,  K.  Furusawa,  S.  Ishigami,  T.  Sase,  and 
M.  Sato, ."Quartz  Crystal  Accelerometer  Insen¬ 
sitive  to  Temperature  Variation",  Proc.  31st 
AFCS,  June  1977,  pp.  62-70. 

44.  D.  Janiaud,  "Influence  du  Support  sur  la  Sen- 
sibilite1  aux  Accelerations  d'un  Resonateur  a 
Quartz",  C.R.  Acad.  Sc.  Paris,  t.285.  Series 
B,  12  Sep  1977,  pp.  69-72. 

45.  J.M.  Przyjemski,  "A  Compensation  Technique  for 
Acceleration-Induced  Frequency  Changes  in  Cry¬ 
stal  Oscillators",  Technical  Report  P-606,  The 
Charles  Stark  Draper  Laboratory,  Inc.,  Cam¬ 
bridge,  MA  02139,  February  1978,  6  pp. 

46.  P.C.Y.  Lee,  K.-M.  Wu,  and  Y.S.  Wang,  "Effects 
of  Acceleration  on  the  Resonance  Frequencies 
of  Crystal  Plates",  J.  Acoust.  Soc.  Am.,  Vol. 

63,  April  1978,  pp.  1039-1047. 

47.  R.  Allison  and  S.J.  Goldman,  "Vibration  Effects 
on  Close-In  Phase  Noise  of  a  300  MHz  Surface 
Wave  Resonator  Oscillator",  Proc.  32nd  AFCS, 
May-June  1978,  pp.  66-73. 

48.  J.M.  Przyjemski,  "Improvement  in  System  Perform¬ 
ance  Using  a  Crystal  Oscillator  Compensated  for 
Acceleration  Sensitivity",  Proc.  32nd  AFCS,  May 
June  1978,  pp.  426-431. 

49.  P.C.Y.  Lee  and  K.-M.  Wu,  "The  Influence  of  Sup¬ 
port-Configuration  on  the  Acceleration  Sensi¬ 
tivity  of  Quartz  Resonator  Plates",  IEEE  Trans. 
Sonics  Ultrason.,  Vol.  SU-25,  July  1978,  pp. 
220-223. 

50.  M.M.  Valdois  and  A.B.  Dupuy,  "Crystal  Oscilla¬ 
tor  Compensated  against  Frequency  Shift  Due  to 
Acceleration",  U.S.  Patent  No.  4,100,512,  July 
11,  1978. 

51.  D.A.  Emmons,  "Acceleration  Sensitivity  Compen¬ 
sation  in  High  Performance  Crystal  Oscillators", 
Proc.  10th  PTTI,  NASA  Technical  Memorandum 
80250,  Greenbelt,  MD  20771,  November  1978,  pp. 
55-82. 

52.  A.  Warner,  B.  Goldfrank,  M.  Meirs,  and  M.  Rosen- 
feld,  "Low  1 g '  Sensitivity  Crystal  Units  and 
their  Testing",  these  proceedings. 

53.  R.  Besson,  J.-J.  Gagnepain,  D.  Janiaud,  and  M. 
Valdois,  "Design  of  a  Bulk  Wave  Quartz  Resona¬ 
tor  Insensitive  to  Acceleration",  these  pro¬ 
ceedings. 

54.  A.  Ballato,  "Doubly  Rotated  Thickness  Mode  Plate 
Vibrators",  in  Physical  Acoustics:  Principles 
and  Methods,  (W.P.  Mason  and  R.N.  Thurston,  eds.) 
Vol. 13,  Chap. 5. Academic  Press,  NY,  1977,  pp. 
115-181. 


327 


55.  R.J.  Besson,  "Quartz  Crystal  and  Superconduct¬ 
ive  Resonators  and  Oscillators",  Proc.  10th 
PTTI,  NASA  Technical  Memorandum  80250,  Green- 
belt,  MD  20771,  November  1978,  pp.  101-128. 

56.  P.C.Y.  Lee  and  K.-M.  Wu,  "Coupled  Resonances  in 
Doubly  Rotated  Crystal  Plates",  these  proceed¬ 
ings. 

57.  I.  Koga,  "Notes  on  Piezoelectric  Quartz  Crys¬ 
tals",  Proc.  IRE,  Vol.  24,  March  1936,  pp.  510- 
531. 

58.  D.A.  Venn  and  G.W.  Arnold,  Jr.,  "Dual-Crystal 
Operation  for  Improved  Frequency  Stability  with 
Varying  Temperature",  NRL  Report  3892,  Naval 
Research  Laboratory,  Washington,  DC,  November 
1951,  10  pp. 

59.  J.  Vig,  USAERADCOM,  Fort  Monmouth,  NJ  07703, 
private  communication,  January  1978. 

60.  A.  Ballato,  "Transmission-Line  Analogs  for 
Stacked  Piezoelectric  Crystal  Devices",  Proc. 

26th  AFCS,  June  1972,  pp.  86-91. 

61.  A.  Ballato  and  T.  Lukaszek,  "A  Novel  Frequency 
Selective  Device:  The  Stacked-Crystal  Filter", 
Proc.  27th  AFCS,  June  1973,  pp.  262-269. 

62.  A.  Ballato  and  T.  Lukaszek,  "Stacked-Crystal 
Filters",  Proc.  IEEE,  Vol.  61,  October  1973, 
pp.  1495-1496. 

63.  A.  Ballato,  H.L.  Bertoni,  and  T.  Tamir,  "Sys¬ 
tematic  Design  of  Stacked-Crystal  Filters  by 
Microwave  Network  Methods",  IEEE  Trans.  Micro- 
wave  Theory  Tech.,  Vol.  MTT-22,  January  1974, 
pp.  14-25. 

64.  C.M.  Stearns,  S.  Wanuga,  S.  W.  Tehon,  and  A. 
Kachelmyer,  "  Multi-  Mode  Stacked  Crystal  Fil¬ 
ter",  Proc.  31st  AFCS,  June  1977,  pp.  197-206. 

65.  I.  Koga,  "Piezoelectricity  and  its  Applications", 
J.  Inst.  Electr.  Eng.  Jpn,  July  1929 ,pp.  49-92. 

66.  W.G.  Cady  and  K.S.  Van  Dyke,  "Proposed  Stand¬ 
ard  Conventions  for  Expressing  the  Elastic  and 
Piezoelectric  Properties  of  Right-  and  Left- 
Quartz",  Proc.  IRE,  Vol.  30,  November  1942, 
pp.  495-499. 

67.  W.G.  Cady,  Piezoel ectricity,  McGraw-Hill,  New 
York,  1946;  Dover,  New  York,  1964. 

68.  "Standards  on  Piezoelectric  Crystals,  1949", 

Proc.  IRE,  Vol.  37,  No.  12,  Dec.  1949,  pp. 
1378-1395. 

69.  "IEEE  Standard  on  Piezoelectricity",  Standard 
176-1978,  IEEE,  New  York,  September  1978,  55  pp. 

70.  J.D.H.  Donnay  and  Y.  Le  Page,  "The  Vicissitudes 
of  the  Low-  Quartz  Crystal  Setting  or  the  Pit- 
falls  of  Enantiomorphism",  Acta  Cryst.,  Vol. 

A34,  1  July  1978,  pp.  584-594. 

71.  J.D.H.  Donnay,  McGill  Univ.,  Montreal,  PQ, 


Canada  H3A  2A7,  private  communication,  Decem¬ 
ber  1978. 

72.  M.O.  Buerger,  Harvard  Univ.,  Cambridge,  MA 
02138,  private  communication,  December  1978. 

73.  C.J.  Schneer,  Univ.  New  Hampshire,  Durham,  NH 
03824,  private  communication,  January  1979. 

74.  R.E.  Newnham  and  L.E.  Cross,  "Tailored  Domains 
in  Quartz  and  Other  Piezoelectrics",  Proc.  30th 
AFCS,  June  1976,  pp.  71-77. 

75.  T.L.  Anderson,  R.E.  Newnham,  and  L.E.  Cross, 
"Coercive  Stress  for  Ferrobielastic  Twinning 
in  Quartz",  Proc.  31st  AFCS,  June  1977,  pp. 
171-177. 

76.  H.  Yoda,  "Quartz  Crystal  Units  Utilizing  Twin¬ 
ned  Natural  Raw  Quartz",  Presented  at  15th 
AFCS,  May-June  1961,  printed  separately,  8  pp. 

77.  C.B.  Sawyer,  "Progress  in  Engineering  Cultured 
Quartz  for  Use  by  the  Crystal  Industry",  Proc. 
13th  AFCS, May  1959,  pp.  462-476. 

78.  W.E.  Newell,  "Face-Mounted  Piezoelectric  Re¬ 
sonators",  Proc.  IEEE,  Vol.  53,  June  1965, 
pp.  575-581. 

79.  W.E.  Newell,  "Ultrasonics  in  Integrated  Elec¬ 
tronics",  Proc.  IEEE,  Vol.  53,  Oct.  1965,  pp. 
1305-1309. 

80.  Clevite  Corporation  Staff,  Piezoelectric  Tech¬ 
nology  Data  for  Engineers,  Piezoelectric  Div¬ 
ision,  Clevite  Corporation,  Bedford, Ohio  44146, 
1965,  45  pp. 

81.  J.  van  Randeraat,  Ed.,  Piezoelectric  Ceramics, 
Electronic  Components  and  Materials  Division, 

N.  V.  Philips'  Gloeilampenfabrieken,  Einhoven, 
The  Netherlands,  June  1968,  118  pp. 

82.  T.F.  Hueter  and  R.H.  Bolt,  Sonics,  (Wiley,  New 
York,  1955),  Sec.  4.12,  pp.  136-146. 

83.  R.  Holland,  "The  Linear  Theory  of  Multielec¬ 
trode  Piezoelectric  Plates",  1966  WESCON  Con¬ 
vention  Record,  Vol.  10,  part  3,  paper  3/3, 

15  pp. 

84.  E.P.  EerNisse,  "Resonances  of  One-Dimensional 
Composite  Piezoelectric  and  Elastic  Structures", 
IEEE  Trans,  on  Sonics  and  Ultrasonics,  Vol. 
SU-14,  April  1967,  pp.  59-67. 

85.  E.K.  Sittig,  "Transmission  Parameters  of  Thick¬ 
ness-Dr  en  Piezoelectric  Transducers  Arranged 
in  Multilayer  Configurations",  IEEE  Trans,  on 
Sonics  and  Ultrasonics,  Vol.  SU-14,  Oct.  1967, 
pp.  167-174. 

86.  E.K.  Sittig,  A.W.  Warner,  and  H.D.  Cook, 

"Bonded  Piezoelectric  Transducers  for  Frequen¬ 
cies  Beyond  100  MHz",  Ultrasonics,  Vol.  7, 

April  1969,  pp.  108-112. 

87.  O.M.  Stuetzer,  "Piezoelectric  Pulse  and  Code 


328 


Generators",  IEEE  Trans,  on  Sonics  and  Ultra¬ 
sonics,  Vol.  SU-14,  April  1967,  pp.  75-88. 

88.  R.F.  Mitchell  and  M.  Redwood,  "Frequency  Re¬ 
sponse  of  a  Distributed  Piezoelectric  Source 
of  Sound",  Electron.  Lett.,  Vol.  4,  Mar.  1968 
pp.  107-109. 

89.  R.  Holland  and  E.P.  EerNisse,  Design  of  Reson¬ 
ant  Piezoelectric  Devices,  (M.I.T.  Press,  Cam- 
bridge.  Mass.,  1969),  Sec.  2.4,  pp.  89-95. 

90.  D.I.  Bolef  and  M.  Menes,  "Measurement  of  Elas¬ 
tic  Constants  of  RbBr,  Rbl,  CsBr,  and  Csl  by 
an  Ultrasonic  cw  Resonance  Technique",  J.  Appl. 
Phys.,  Vol.  11,  June  1960,  pp.  1010-1017. 

91.  T.R.  Sliker  and  D.A.  Roberts,  "A  Thin-Film  CdS- 
Quartz  Composite  Resonator",  J.  Appl.  Phys., 
Vol.  38,  April  1967,  pp.  2350-2358. 

92.  D.A.  Roberts,  D.J.  Koneval  and  T.R.  Sliker, 
"Alternate  Approaches  to  High  Frequency  Filter 
Crystals",  Proc.  21st  AFCS,  April  1967,  pp.  83- 
114. 

93.  R.J.  Ney  and  E.  Hafner,  "Continuous  Vacuum 
Processing  System  for  Precision  Quartz  Crystal 
Units",  these  proceedings. 

94.  E.P.  EerNisse,  "Quartz  Resonator  Frequency 
Shifts  Arising  from  Electrode  Stress",  Proc. 
29th  AFCS,  May  1975,  pp.  1-4. 

95.  E.P.  EerNisse,  "Calculations  on  the  Stress  Com¬ 
pensated  (SC-cut)  Quartz  Resonator",  Proc.  30th 
AFCS,  June  1976,  pp.  8-11. 

96.  R.  Holland,  "Nonuniformly  Heated  Anisotropic 
Plates:  II.  Frequency  Transients  in  AT  and  BT 
Quartz  Plates",  Proc.  IEEE  Ultrason.  Symp., No¬ 
vember  1974,  pp.  592-598. 

97.  J.A.  Kusters,  "Transient  Thermal  Compensation 
for  Quartz  Resonators",  IEEE  Trans.  Sonics  Ul¬ 
trason.,  Vol.  SU-23,  July  1976,  pp.  273-276. 

98.  J.A.  Kusters  and  J.G.  Leach,  "Further  Experi¬ 
mental  Data  on  Stress  and  Thermal  Gradient  Com¬ 
pensated  Crystals",  Proc.  IEEE,  Vol.  65,  Feb¬ 
ruary  1977,  pp.  282-284. 

99.  A.  Ballato  and  J.R.  Vig,  "Static  and  Dynamic 
Frequency-Temperature  Behavior  of  Singly  and 
Doubly  Rotated,  Oven  Controlled  Quartz  Resona¬ 
tors",  Proc.  32nd  AFCS,  May- June  1978,  pp.  ISO- 
188. 

100.  A.  Ballato,  "Static  and  Dynamic  Frequency-Temp¬ 
erature  Characteristics  of  Quartz  Vibrators", 
Technical  Report  DELET-TR-79-8,  US  Army  Elec¬ 
tronics  R&D  Command,  Fort  Monmouth,  NJ  07703, 
April  1979,  28  pp. 

101.  A.  Ballato,  "Static  and  Dynamic  Behavior  of 
Quartz  Resonators",  IEEE  Trans.  Sonics  Ultra- 
son.,  Vol.  SU-26,  July  1979,  in  press. 


102.  D.R.  Kinloch,  Sawyer  Research  Products  Inc., 
Eastlake,  OH  44094,  private  communication, 
January  1977. 

103.  N.C.  Lias,  Motorola  Inc.,  Carlisle,  PA  17013, 
private  communication,  November  1978. 

104.  P.  Suda,  A.E.  Zumsteg,  and  W.  Zingg,  "Aniso¬ 
tropy  of  Etching  Rate  for  Quartz  in  Ammonium 
Bi fluoride",  these  proceedings. 

105.  R.  Brandmayr,  R.  Filler,  and  J.  Vig,  "Etching 
Studies  on  Quartz",  these  proceedings. 


*AFCS:  Annual  Frequency  Control  Symposium,  US  Army 
Electronics  R&D  Command,  Fort  Monmouth,  NJ 
07703. 


Note  added: 

R.  Ward106  has  pointed  out  that  Y-bars  of  cul¬ 
tured  quartz  (Figure  8)  can  be  cut  in  such  a  fash¬ 
ion  that  SC  cuts  are  produced  with  a  yield  approx¬ 
imately  30%  better  than  if  an  SC-bar  (Figure  25)  is 
used  directly.  This  possibility  is  brought  about 
by  the  three-fold  symmetry  existing  about  the  Z  axis 
in  quartz.  Referring  to  Figure  8,  a  Y-cut,  for  ex¬ 
ample,  could  be  made  by  cutting  perpendicular  to 
the  X2  axis  shown.  It  could  also  be  made  by  cutting 
perpendicular  to  either  of  the  two  other  X2  axes 
spaced  around  the  X3  axis  at  intervals  of  120°.  in 
either  of  the  latter  cases  the  area  of  the  slices 
would  be  larger  than  that  in  the  first  case.  In 
like  manner,  to  produce  SC  cuts  one  could  either 
rotate  first  around  X3  from  Xi  toward  X2  by  approx¬ 
imately  22°,  and  then  make  the  second  rotation  about 
the  new  X{  axis,  or  one  could  rotate  120°+  22°,  or 
240°  +  22°  for  the  first  rotation  about  X3  .  The 
second  choice,  namely  0^262°  produces  a  rotation 
that  leaves  the  new  X(  axis  only  about  8°  (270°-262°) 
from  the  original  -X2  axis.  One  is  then  nearly  ro¬ 
tating  about  the  length  of  the  Y-bar  for  the  second 
(9)  rotation.  (Because  the  -X2  axis  is  involved, 
the  sense  of  the  0  rotation  is  reversed).  Cutting 
in  this  fashion  is  thus  nearly  as  efficient  as  cut¬ 
ting  ATs;  one  wants,  however,  to  have  the  X3  dimen¬ 
sion  as  long  as  possible.  At  present,  approximately 
40  mm  along  X3  is  standard,  and  75  to  100  mm  along 
Xi  can  be  readily  made. 


106.  R.  Ward,  Colorado  Crystal  Corp.,  Loveland,  CO 
80537,  private  communication,  July  1979. 
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miarlrtn1?11  ver-u!  frequency  change.  Experimental  results  for  AT  cut 
quartz  in  two-poirt  mount.  After  Valdois  [38]. 
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Antiparallel  axes  of  enantiomorphs. 
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LEFT 

Cultured  quartz  bar,  left-handed. 


REFLECTION  ROTATION 


Demonstration  of  parallel  displacements 
in  doubly  rotated  enantiomorphs. 


14.  Left-handed  (top)  and  right-handed  cultured  quartz  SC-bars,  seen  looking 

down  +Xg  axes. 


12.  Singly  and  doubly  rotated  enantiomorphs. 
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15. 


Left-handed  (top)  and  right-handed  cultured  16.  Left-handed  (top)  and  riqht-handed  cultured 

quartz  SC-bars,  seen  looking  down  -Xj  axes.  quartz  SC-bars,  seen  looking  down  -X^  axes. 


17.  Left-handed  (top)  and  right-handed  cultured 

quartz  SC-bars,  seen  looking  down  +X]  axes. 


20.  Line  drawing  of  Figure  15  (top). 


21. 


Line  drawing  of  Figure  15  (bottom). 


22. 


Line  drawing  of  Figure  16  (top). 
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23.  Line  drawing  of  Figure  16  (bottom). 


24.  Line  drawing  of  Figure  17  (top). 
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25. 


27. 


Line  drawing  of  Figure  17  (bottom). 
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Analog  equivalent  network  for  right-handed 
quartz  crystal  plate  with  one  thickness 
mode  piezoelectrically  driven. 
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SC -BAR  CULTURED  QUARTZ 

Line  drawing  of  left-  and  right-handed 
cultured  quartz  SC-bars,  seen 
looking  down  the  +X2  and  -X2  axes. 
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28.  Analog  equivalent  network  for  left-handed 

quartz  crystal  plate  with  one  thickness 
mode  piezoelectrically  driven. 
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29. 


Networks  of  Figures  27  and  28  regarded  30. 
as  mirror  images. 


Networks  of  Figure  29  arranged  with 
crystal  axes  antiparallel. 


31 Analog  equivalent  network  for  two  stacked 

quartz  plates  with  all  three  thickness  modes 
piezoelectrically  excited  in  each  plate, 
as  is  the  case  for  doubly  rotated  cuts. 


32.  Analog  equivalent  network  for  two  stacked 

quartz  plates  with  only  one  thickness  mode 
piezoelectrically  excited. 
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Summary 

Regular  thickness  shear  vibrating  AT  cut 
quartz  crystal  resonators  at  5  MHz  usually  have  a 
G-frequency  sensitivity  in  the  order  of  a  few 
10_y/G. 

Previous  theoretical  works  shown  the  influen¬ 
ce  of  the  angular  position  of  the  fixation  points 
on  the  edges  of  the  resonators.  This  does  not  com¬ 
pletely  explain  the  experimental  behaviour  obser¬ 
ved  in  ONERA.  Then,  a  more  precise  theoretical  mo¬ 
del  is  proposed  ;  it  shows  that  the  principal  in¬ 
fluence  is  due  to  the  dissymmetry  of  the  total  de¬ 
vice  constituted  by  the  crystal  and  its  supports, 
with  respect  to  the  middle  nodal  plane  of  the 
vibration. 

By  calculating  the  static  predeformation 
which  is  caused  by  the  dissymmetry  it  is  shown 
that  a  transverse  shear,  and  its  functionnal  de- 
pendance,  along  the  thickness,  are  mainly  respon¬ 
sible  of  the  phenomena.  The  frequency  variation  is 
taking  into  account  energy  trapping. 

This  theoretical  model  gives  a  very  close  ac¬ 
count  of  the  results  with  regular  units  and  has 
been  confirmed  by  the  achievement  of  a  symmetrical 
resonator  prototype. 

The  B.V.A.  technique  is  very  suitable  for 
such  a  symmetrical  configuration.  Resonators  of 
industrial  type  have  been  achieved.  Details  are 
given  about  several  types  of  design  which  were 
successfully  usei^  They  present  a  sensitivity  in 
the  order  of  10  /G  for  AT  cut  units  and  there¬ 
fore  an  improvement  by  a  factor  of  a  least  10  com¬ 
pared  to  regular  units.  A  dual  B.V.A.  resonator 
configuration  is  also  described  which  still  allows 
additional  G  sensitivity  reduction. 

Introduction 

It  is  well  known  that  application  of  accelera¬ 
tion  fields  on  quartz  resonators  changes  the  reso¬ 
nant  frequency.  Also  the  resulting  frequency  varia¬ 
tion  depends  on  the  resonator  features  and  on  the 
acceleration  amplitud^  and  direction  with  respect 
to  the  resonator  axis. 

Measurements  performed  in  ONERA  on  regular  AT 
cut  5  MHz  thickness  shear  vibrating  industrial 
units  exhibited  maximum  sensitivities  between  3 


and  4  x  !0“9/G. 

2 

A  previous  theoretical  work  explained  these 
phenomena  through  angular  imperfections  of  the  sup¬ 
port  configuration. 

But  a  resonator  for  which  the  support  configu¬ 
ration  especially  is  excellent  from  the  angular  im¬ 
perfection  point  of  view  was  constructed,  and_{je- 
vertheless  the  G-sensitivity  is  still  some  10  /G. 

Further  theoretical  studies  were  undertaken 
and  lead  to  a  different  model  since  it  is  found 
that  the  main  reason  for  the  G-sensitivity  sits  in 
a  configuration  dissymmetry  in  the  whole  device 
constituted  by  the  crystal  and  its  supports  . 

In  a  first  step  a  simplified  model  will  be 
presented.  The  supports  are  only  represented  by 
their  fixation  points  on  the  crystal.  Then  a  more 
complete  model,  which  takes  into  account  the  geo¬ 
metry  and  support  configuration,  will  be  proposed. 
This  last  model  will  exhibit  the  important  part 
played  by  the  configuration  of  the  total  device. 

Simplified  model  of  the  resonator 

A  circular  thickness  shear  vibrating  plate  is 
supported  in  two  diametric  points  and  submitted  to 
an  acceleration  T  parallel  to  the  plate  plane  as 
shown  on  fig.  I.  The  supports  are  positionned 
along  the  projected  x.  axis.  T  being  parallel  to 
the  plate  plane  and  the  thickness  being  small,  a 
plane  stress  distribution  can  be  assumed. 

Since  the  main  faces  x.  »  i  h/2  are  stress 
free,  the  stresses  T^,  T^,  equal  zero  on  those 
faces  and  therefore  can  also  be  considered  to  be 
zero  in  the  all  plate  thickness. 

At  first  the  three  other  stresses  T(,  T^,  T,. 
were  analitycally  determined  in  the  case  of  an 
isotropic  body.  Then  a  more  accurate  solution  has 
been  found  for^anisotropic  bodies  and  applied  to 
quartz  crystal  .  Thus  it  has  been  shown  that  all 
stresses  at  the  plate  center  are  zero.  But  the 
central  part  of  the  resonator  is  mainly  where  ener¬ 
gy  is  trapped.  Therefore  this  simplified  model  is 
unable  to  give  account  of  the  acceleration  sensi¬ 
tivity. 
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Influence  of  the  support  configuration 

The  industrial  units  that  have  been  studied 
generally  are  constituted  by  a  quartz  plate  and 
its  supports,  those  last  ones  being  perpendicular 
to  the  main  planes  of  the  plate,  as  shown  on 
fig.  2.  The  supports  are  constituted  by  ribbons 
which  has  been  folded  in  three  equal  parts. 

Acceleration  parallel  to  Xy  axis 

A  bidimensional  model  is  used  in  the  trans¬ 
verse  XyXy  plane  of  the  resonator.  When  an  acce¬ 
leration  componentry  is  applied  the  crystal  is 
submitted  from  its  supports  to  axial  and  shear 
forces  F  and  to  moments  M  (fig.  3).  A  trivial 
calculation  yields  : 


_  Dh 

F3  =~  P 

F3 

(1) 

F  =  F 

-  1  F 

(2) 

F2A  F2B 

•-4  3 

M  -  D 

—  F 

.  y  .  ty 
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M  0 
D-f 

The  variations  of  X  as  a  function  of  the  an¬ 
gle  0  (rotation  around  the  x,  axis)  is  given  by 
fig.  4.  It  can  be  seen  that  /.  vanishes  for  four 
values  of  0  between  0°  and  180°.  As  a  consequence 
the  theoretical  Ty  sensitivity  of  the  resonator 
also  vanishes  for .those  orientations.  For  an  AT 
cut  X  =  3.5  x  10  m2/N. 

These  results  are  applied  to  the  practicle 
case  of  regular  AT  cut  units  (where  the  support 
lengths  l  -  5  mm) .  Their  corresponding  F_  sensi¬ 
tivity  is  found  to  be 

=  2.7  x  10~9/G 

It  can  be  pointed  out  that  the  frequency  de¬ 
viation  being  due  to  the  action  of  the  tangential 
forces  F,A  and  Fyg,  the  support  dissymetry  with 
respect  to  the  crystal  XjXy  median  plane  is  the 
main  cause  of  the  Ty  sensitivity. 

Under  those  conditions  in  order  to  symmetrize 
the  resonator  and  to  cancell  out  F»  and  F_  other 
supports,  symmetric  of  the  previous  ones  with  res¬ 
pect  to  median  x^y  plane,  are  to  be  added  as 
shown  on  fig.  5a  and  fig.  5b,  whatever  their  origi¬ 
nal  shape  is. 


It  appears  a  static  sjjear  of  the  crystal  on 
the  lateral  sides  x,  =  ±  due  to  the  forces  F„ 


The  in-plane  static  stresses  resulting  of 
the  combination  of  the  body  and  reaction  forces 
are  calculated  for  an  isotropic  body  .  The  medium 
anisotropy  will  be  later  introduced  by  means  of 
the  strain-stress  relations.  Those  stresses  can  be 
expressed  as 


Remark  :  The  sign  of  the  frequency  shift  depends 
if  the  acceleration  is  applied  in  the  positive  di¬ 
rection  or  in  the  negative  direction  of  the  a, 
axis.  For  the  units  manufactered  outside  the  labo¬ 
ratory  it  was  not  possible  to  know  the  positive  ■ 
(or  negative)  direction  of  the  axis.  Therefore  for 
the  experimental  results  the  sign  associated  with 
the  frequency  shifts  are  arbitrary. 

Acceleration  parallel  to  x^  axis 


=  0 

(4) 
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By  consideration  of  energy  trapping  it  can  be 
shown  that  it  is  sufficient  to  consider  the  stres¬ 
ses  at  the  plate  center.  In  this  case,  only  T^  is 
different  from  zero  and  its  average  value  <T^>  is 

-  D  p  r,  (7) 
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By  using  Thurston's  non  linear  equations  and 
by  applying  a  perturbation  method  the  relative 
frequency  deviation  can  be  expressed  as 


Af 
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x  <t4> 


When  an  acceleration  component  r?  is  applied 
on  the  resonator  the  crystal  is  submitted  to  the 
reaction  forces  and  moments  as  shown  on  fig.  6. 
The  same  calculation  as  previously  gives 
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The  tangential  force  Fy  does  not  induce  any 
shear  deformation  in  the  crystal  and  the  longitu¬ 
dinal  and  shear  stresses  due  to  the  moments  MA 
and  are  in  average  null  in  the  crystal  and 
equally  njll  at  its  center  (Xy  =  0). 

Nevertheless  FyA  and  Fyg  generate  a  compres¬ 
sive  stress  in  the  crystal ,  whose  influence  alrea¬ 
dy  has  been  presented  .  By  using  those  results  the 
theoretical  frequency  shift  is  calculated  for  a  AT 
cut  resonator 


where 
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It  must  be  pointed  out  that  the  forces  F^  and 
Fjg  which  are  responsible  of  the  frequency  devia¬ 
tion  would  be  zero  if  the  support  ribbons  were  not 
folded.  The  conclusion  would  be  the  same,  whatever 
the  shape  of  the  support  ribbons  is,  if  the  reso¬ 
nator  was  symmetrical  with  respect  to  the  median 
plane  x(x3  as  shown  on  fig.  5a  and  5b. 

As  a  result  of  the  previous  calculations  it 
is  now  possible  to  obtain  the  frequency  deviation 
versus  the  acceleration  orientation  in  the  x7Xj 
plane. 

This  theoretical  curve  is  obtained  by  adding 
the  effects  of  and  accelerations. 

Since  it  is  difficult  to  know  the  positive 
direction  (or  negative)  of  x^  axis  for  an  actual 
industrial  unit,  an  uncertainty  remains  and  it  was 
necessary  to  draw  two  sets  of  theoretical  curves, 
corresponding  to  the  possible  combinations,  for 
comparison  with  experimental  data.  This  comparison 
is  presented  by  fig.  7,  with  a  satisfactory  agree¬ 
ment,  in  the  case  of  four  industrial  resonators  of 
the  type  previously  described.  (Qj ,  Qj,  and  Q^). 

The  experimental  frequency  deviations  were 
recorded  for  an  azimuthal  angle  varying  from  0° 
to  360°  by  10°  step. 


Resonators  of  special  configuration 


Particular  support  configurations  also  have 
been  studied.  The  first  one  is  represented  by  the 
scheme  of  fig.  8  and  is  constituted  of  four  sup¬ 
ports  ribbons  perpendicular  to  the  plate  plane  and 
positionned  at  45°  of  x.  and  x,  axis.  As  the  pre¬ 
vious  ones,  this  resonator  is  dissymmetric  with 
respect  to  the  x,x3  plane.  Fig.  9  represents  a  re¬ 
sonator  supported  at  to  diametric  points  along  the 
x^  axis  by  in-plane  ribbons,  which  are  not  parallel 
but  form  an  angle  of  about  15°.  The  dissymmetry  is 
now  with  respect  to  the  transverse  plane  XjX^. 

By  using  the  previous  model  a  comparison  bet¬ 
ween  experimental  and  theoretical  data  was  perfor¬ 
med  and  is  shown  on  fig.  10  and  1 1  for  the  four 
support  resonator  (30  G  acceleration  was  used) . 


Fig.  12  shows  the  comparison  in  the  case  of 
the  two  support  configuration. 


Design  of  B.V.A.  units  with  ver> 
low  G-sensitivity 


g  'yhe  B.V.A.  technique  has  already  been  presen¬ 
ted  ’  .  It  can  easily  be  seen  that  the  B.V.A  ty¬ 
pes,  with  n  even,  are  suitable  for  a  very  symme¬ 
trical  configuration.  Indeed,  as  it  has  already 
been  pointed  out,  the  fixation  consists  of  quartz 
bridges  of  given  shape,  length  and  thickness  which 
are  left  between  the  external  dormant  part  (usual¬ 
ly  a  ring)  and  the  internal  vibrating  part  of  the 
crystal.  Those  bridges,  when  the  technique  is  mas¬ 
tered,  can  be  evaluated  and  located  with  a  high 
degree  of  accuracy.  Especially,  the  bridges  can  be 
very  precisely  located  by  respect  to  the  thickness 
of  the  crystal  (accuracy  of  the  location  ±  5  p  if 


necessary) .  Since  the  shape  of  the  bridges  can  al¬ 
so  be  evaluated  with  precision,  a  high  degree  of 
symmetry  by  respect  to  the  central  nodal  plane 
(plane  x.x^)  can  be  achieved.  In  addition,  in  this 
type  of  fixation,  stresses  can  be  avoided  (stres¬ 
ses  could  be  dissymetrical)  and  there  are  no  dis¬ 
continuities  (which  could,  in  particular  cause 
stresses) .  As  a  side  consequence  no  residual  fre¬ 
quency  deviation  is  observed  in  B.V.A.  units  when 
the  acceleration  is  suppressed.  Also,  the  angular 
position  of  the  bridges  can  be  accurately  achieved 
and  known.  Under  those  conditions,  such  B.V.A. 
units  have  a  very  lew  G-sensitivity  provided  the 
external  dormant  is,  itself,  symmetrically  connec¬ 
ted  to  the  mechanical  reference  by  respect  of  the 
central  nodal  plane  XjX-.  Also  biconvex  units  are 
found  to  exhibit  lower  G-sensitivity.  Of  course, 
the  G-sensitivity  does  not  depend  on  the  fact  the 
unit  is  coated  or  electrodeless.  This  detail  will 
then  be  neglected  on  the  following  schemes. 

The  final  design  we  adopted  is  outlined  on 
schemes  of  fig.  13.  The  supports  s  are  attached 
to  the  external  ring  in  two  points  A,  B  (or  four 
points  A  A'  B  B'  as  represented)  in  such  a  way 
that  the  connections  to  the  mechanical  reference  R 
are  symmetrical  by  respect  to  the  central  nodal 
plane  (espacially  AP  =  AM).  In  addition,  the  at¬ 
tachment  poings  A  A'  B  B'  are  located  on  the 
external  ring  outside  the  bridge  area  and  symme¬ 
trically  by  respect  to  the  bridges  and  the  axis  of 
the  plate,  at  least  for  singly  rotated  cuts.  In 
addition  to  the  symmetry  properties,  this  special 
location  provides  a  reduction  of  the  stresses  to 
be  transmitted  through  the  bridges  from  the  at¬ 
tachment  to  the  vibratingj^Jate.  A  maximum  sensi¬ 
tivity  in  the  order  of  10  / G  can  be  achieved  in 

the  case  of  AT  cut  units.  In  the  case  of  SC  cuts, 
the  bridges  are  differently  located  but  the  sup¬ 
ports  are  still  symmetrical  by  respect_^  the 
bridges.  A  sensitivity  lower  than  5  10  /G  is 
obtained. 

A  B.V.A.  dual  resonator  configuration  has 
also  been  proposed  and  tested.  The  scheme  of  g 
fig.  14  shows  this  design  comprising  basically 
two  B.V.A.  resonators  Rj  and  Rj.  If  the  axis  are 
respectively  oriented  as  indicated  on  fig.  14 
(drawn  for  the  AT  cut  case)  very  low  G  sensitivity 
is  obtained,  by  a  compensation  process,  for  the 
total  device.  An  additionnal  reduction  factor  ran¬ 
ging  from  2  to  5  can  actually  be  obtained.  Rj  and 
R-  can  obviously  be  used  in  parallel  or  in  series. 
Also  their  frequencies  can  be  identical  or  diffe¬ 
rent.  When  R.  and  Rj  are  used  in  a  parallel  con¬ 
figuration,  their  frequency  di^erence  basically 
does  not  depend  on  temperature  if  the  tempera¬ 
ture  dependances  of  Rj  and  Rj  are  similar  enough. 
Among  other  advantages  this  new  B.V.A.  structure 
gives  Rj  a  very  precise  orientation  by  respect  to 
R^  and  places  R|  and  Rj  in  very  similar  thermal 
conditions. 
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Fig.  9  :  Configuration  of  a  resonator  with 
two  non  parallel  supports 
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Summary 

The  effects  of  bending  moments  on  the 
frequency  of  10  MHz  fundamental  crystals  using  AT 
and  SC  cuts  of  quartz  has  been  studied.  The 
bending  was  applied  in  two  different  configur¬ 
ations,  one  a  cantilever  and  the  other  a 
symmetrical  arrangement  with  bending  about  a 
diameter  defined  by  a  knife  edge  with  the  central 
part  removed. 

The  effects  obtained  with  the  cantilever 
mounting  of  the  AT  crystal  can  be  split  into  two 
components,  one  antisymmetrical  centred  at 
6  =  180°  with  a  periodicity  of  360°  (in  ijO  and 
the  other  with  a  periodicity  of  90°.  The  second 
component  is  absent  in  the  results  obtained  on  the 
SC  cut. 

The  symmetrical  bending  results  show  that  the 
SC  cut  is  considerably  less  sensitive  than  the  AT 
cut.  The  observations  are  consistent  with  the 
proposition  that  the  frequency  changes  for 
symmetrical  bending  of  AT  cut  crystals  are  due  to 
the  higher  order  effects  (approximately  square 
law  with  stress)  which  are  also  responsible  for 
the  component  with  90°  periodicity  found  in  the 
cantilever  case. 

It  is  expected  that  the  SC  cut  should  have 
distinct  advantages  over  the  AT  cut  when 
considering  frequency  stability  in  the  presence 
of  forces  perpendicular  to  the  plane  of  the  crystal 
especially  when  these  forces  are  large. 


Introduction 

In  many  applications  it  is  important  to 
consider  the  influence  of  mechanical  forces  on  the 
frequency  of  a  quartz  crystal  resonator.  Such 
forces  may  arise  from  accelerations,  including 
vibrations,  or  they  may  be  imposed  statically  by 
the  mounts.  In  the  latter  case  any  change  with 
time  of  the  mounting  force  could  be  a  factor  in 
determining  the  long  term  frequency  stability. 

Static  experiments  offer  the  advantage  of 
permitting  the  investigation  of  many  mounting 
positions  in  a  relatively  short  tr’e.  They 
should  be  considered  in  general  ti  oe  complementary 
to  investigations  on  complete  devices  using 
dynamic  methods  such  as  vibration  tables  and 


centrifuges  or  the  simple  ’2G'  turnover  test. 

In  this  paper  we  consider  the  effects  of 
static  bending  stresses  on  both  AT  and  SC  cuts  of 
quartz.  We  use  SC  to  cover  the  general  region 
of  stress  and  thermal  transient  compensated  doubly 
rotated  cuts^.  The  results  are  directly  related 
to  the  case  of  two-point  mounting  across  the 
diameter  of  a  circular  device. 

Similar  experiments  on  the  AT  cut  have  been 
reported  by  Mingins,  Barcus  and  Perry2  and  a 
theoretical  study  for  the  case  of  initial  bending 
in  a  cantilever  mounted  resonator  has  been  made  by 
Lee,  Wang  and  Markenscoff2  who  obtained  an 
expression  for  frequency  changes  in  terms  of  the 
second  and  third  order  elastic  constants,  zero 
order  strains  and  first  order  strain  gradients. 
Although  there  is  quite  good  general  agreement 
between  the  results  from  these  two  studies  there 
are  also  some  differences  which  amount  to  as  much 
as  50  per  cent  of  the  maximum  measured  frequency 
deviations.  Our  results  therefore  supplement 
these  published  ones  and  introduce  new  data  on  the 
stress  compensated  (SC)  cut. 

Experimental  Details 

We  have  used  crystals  12  mm  diameter  in  both 
cases  with  plane  parallel  lapped  and  etched  faces 
having  a  fundamental  thickness  shear  frequency 
(c-mode)  of  10  MHz  (within  2Z) .  Electrodes  were 
4  mm  diameter  of  silver  with  a  thickness  giving  a 
relative  frequency  change  due  to  mass  loading  of 
0.5Z.  This  proved  to  give  efficient  energy 
trapping.  We  are  therefore  able  to  make  a  direct 
comparison  between  the  two  cuts  at  the  same 
frequency. 

The  crystals  were  supplied  by  Cathodeon 
Crystals  Ltd,  Linton,  Cambridge.  The  doubly 
rotated  cuts  have  <J>  "  21.9°  i  0.2°,  0  ■  33.9°  ± 
0.2°.  It  is  not  expected  that  the  stress 
sensitivity  is  a  rapid  function  or  the  angle. 

The  AT  cuts  have  <f>  -  0°,  6  -  35.25°  ±  0.02°. 

The  apparatus  is  shown  in  Fig.  1.  The 
crystal  was  held  in  the  appropriate  support  and 
forces  applied  through  a  lever  by  the  direct 
application  of  standard  masses  to  a  scale  pan. 

The  deflection  could  be  measured  with  an  optical 
lever. 
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More  details  of  the  mounting  arrangement  are 
given  in  Fig.  2.  Contact  to  the  crystals  was 
made  to  short  tsba  on  the  electrodes  using 
conducting  epoxy  cement  and  thin  multistrand  wire 
for  flexibility. 

For  the  cantilever  mounting  (Fig.  2a)  the 
crystal  was  held  at  one  end  by  a  cylindrical 
support  having  a  distance  between  the  edges  of  the 
top  and  bottom  support  points  of  1  mm.  For 
reproducible  results  there  should  be  no  significant 
clamping  pressure.  In  practice  the  lever  was 
always  biased  by  a  relatively  small  force.  This 
made  handling  of  the  crystal  easier  when  using  a 
loose  clamp. 

Crystals  in  cantilever  mounts  do  not  normally 
occur  in  practical  devices  with  the  exception  of 
accelerometers  but  the  results  can  be  of  use  when 
considering  mounts  and  orientations  to  minimise 
effects  of  bending  stresses. 

Fig.  2b  shows  the  arrangement  for  symmetrical 
bending  about  a  diameter.  This  should  give  a 
more  direct  indication  of  the  effects  on  frequency 
by  bending  due  to  forces  imposed  directly  by  two 
similar  diametrically  opposite  mounts  or 
alternatively  by  accelerations  normal  to  the  plate 
when  held  in  such  mounts. 

The  frequency  and  equivalent  series  resistance 
(ESR)  were  measured  using  the  phase-zero 
transmission  method  (IEC  Publication  444).  Both 
parameters  were  monitored  throughout  the 
experiments.  Some  frequency  measurements  were 
made  by  direct  counting  but  for  others  the  signal 
was  mixed  with  a  reference  and  the  period  average 
of  the  difference  frequency  measured.  This  can 
increase  the  accuracy  of  measurement  for  the  same 
averaging  time. 

Measurements  were  made  as  a  function  of  the 
angle  iJj,  the  angle  between  the  mounting  axis  and 
the  X'  axis  as  defined  in  Fig.  3.  Applied  loads 
of  2  grammes  force  were  commonly  used  for  the 
cantilever  mount  and  5  grammes  force  for  the 
symmetrical  mount. 

Results 

Fig.  4  shows  a  typical  result  for  an  AT 
crystal  in  the  cantilever  support.  In'general 
appearance  this  agrees  with  those  obtained  by 
Mingins  et  al*  and  only  partially  with  the 
calculations  of  Lee  et  al^.  These  calculations 
lead  to  an  antisymmetrical  function  of  approximate 
sine  wave  appearance  centred  at  180°  and  with  a 
period  of  360°  in  ijj.  It  appears  that  there 
is  an  additional  term  with  a  periodicity 
of  90°  in  the  experimental  results.  Also 
shown  in  Fig.  4  is  a  sine  wave  representing 
this  additional  term  and  a  curve  drawn  from  the 
empirical  expression  Af  =  11  sinOj/-l80)  + 

2  sin(4iji+170) .  We  shall  discuss  later  how  these 
results  may  be  used  to  estimate  the  behaviour 
under  symmetrical  bending  conditions. 


For  the  SC  cut  in  the  cantilever  support 
(Fig.  5)  we  get  a  much  smoother  antisymmetric 
curve  but  the  magnitude  of  the  deviations  is 
similar  for  both  cuts. 

Fig.  6  shows  results  for  the  AT  cut  in  the 
symmetrical  bending  support.  It  is  interesting 
to  note  that  there  is  no  angle  of  mounting  which 
gives  a  zero  effect  and  the  ratio  of  maximum  to 
minimum  frequency  change  approaches  5.  These 
results  are  also  basically  similar  to  those  given 
by  Mingins  et  al. 

The  SC  cut  on  the  other  hand  (Fig.  7)  shows 
orientations  giving  zero  effect  and  the  maximum 
deviation  observed  is  several  times  smaller  than 
for  the  AT  cut.  In  this  case  we  believe  that  we 
are  observing  only  residual  effects  since  several 
crystals  have  been  examined  but  a  consistent 
pattern  of  frequency  change  with  orientation  has 
not  been  established.  It  is  believed  that  the 
differences  are  caused  by  secondary  effects  such 
as  those  associated  with  the  exact  positioning  of 
the  electrodes  and  perhaps  the  electrode  tags. 

When  considering  symmetrical  bending  it  is 
possible  to  argue  that  frequency  changes  can  be 
estimated  by  summing  the  effects  from  two  similar 
cantilevers  (arranged  back  to  back  at  the  axis  of 
bending  with  effective  orientations  differing  by 
180°) .  Although  the  stress  distribution  in  the 
electrode  region  is  not  the  same  in  this  case  as 
for  our  experimental  situation  we  might  still 
expect  the  same  general  behaviour  with  orientation. 
Applying  this  argument  brings  our  two  sets  of 
experimental  results  into  reasonable  agreement. 
Using  the  cantilever  bending  results  of  the  AT  cut 
we  would  expect  the  component  with  360°  period¬ 
icity  to  cancel  out  whilst  the  component  with  90° 
periodicity  should  add.  This  would  explain  the 
90°  periodicity  found  in  the  experimental  results 
for  the  symmetrical  bending  case. 

Linearity 

The  linearity  of  the  frequency  change  with 
applied  force  is  of  interest  both  from  a  funda¬ 
mental  point  of  view  and  also  when  considering  the 
superposition  of  force-frequency  effects. 

Fig.  8  shows  results  obtained  for  the  two 
bending  configurations.  We  see  that  for  canti¬ 
lever  bending  the  AT  cut  can  vary  from  an 
essentially  linear  characteristic  to  a  highly  non 
linear  one  involving  a  change  of  sign.  The 
observations  are  consistent  with  the  proposition 
that  the  main  antisymmetrical  component  is  linear 
with  stress  but  that  the  component  with  90  degree 
periodicity  has  a  higher  order  dependency.  For 
symmetrical  bending  the  AT  cut  gives  a  nonlinear 
behaviour  approaching  a  square  law. 

For  the  SC  cut  fairly  good  linearity  is 
maintained  in  both  cases. 
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Mode  Structure 

We  have  also  examined  tlje  effects  of  the 
bending  forces  on  the  mode  structure,  in  particular 
the  relative  strengths  of  the  b  and  c  modes  for 
the  SC  cut  crystals. 

In  all  cases  the  bending  forces  have  had  very 
little  effect  on  the  ESR's  of  any  of  the  modes, 
certainly  less  than  1  per  cent. 

Mounting 

.  4 

Valdois,  Besson  and  Gagnepain  have  studied 

the  effects  of  accelerations  on  AT  cut  crystals 
and  showed  that  for  two  support  mounting  the 
maximum  frequency  change  resulted  from 
accelerations  perpendicular  to  the  plane  of  the 
crystal. 

Our  static  results  for  symmetrical  bending 
should  give  an  indication  of  the  frequency  changes 
to  be  expected  from  such  accelerations  and  also 
indicate  optimum  mounting  angles.  With  an 
applied  load  of  5  grammes  force  the  force  applied 
to  the  centre  of  the  crystal  is  200  times  its 
mass.  We  therefore  expect  similar  behaviour  to 
that  due  to  an  acceleration  of  200  'G'. 

We  expect  that  the  SC  cut  should  offer 
significant  advantages  over  the  AT  cut  in  these 
circumstances.  This  will  be  emphasised  at  even 
higher  forces  due  to  the  power  law  dependence 
observed  for  the  AT  cut. 

In  practice  other  factors  may  need  to  be 
considered.  Forces  in  the  plane  of  the  crystal 
pose  a  different  problem  on  which  considerable 
work  has  been  done^’^  and  Kusters  and  I.each® 
have  shown  that  the  mounting  angle  can  also  affect 
thermal  transient  effects.  The  final  compromise 
solution  will  depend  on  the  particular  application. 

Conclusions 


component  which  has  a  periodicity  of  90°  and 
appears  to  be  nonlinear.  This  assumption  permits 
the  results  obtained  for  the  two  sets  of  results 
to  be  reconciled  in  a  qualitative  manner. 
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We  have  shown  that  for  bending  about  a 
diameter  SC  cut  crystals  show  much  smaller 
frequency  changes  than  AT  cut  and  should  therefore 
be  much  less  sensitive  to  any  forces  (due  to 
accelerations  or  other  causes)  perpendicular  to 
the  plane  of  the  crystal  when  mounted  in  two 
diametrically  opposite  supports.  Frequency 
changes  for  the  AT  crystal  also  show  a  higher 
order  dependence  on  stress  in  this  configuration 
so  that  these  differences  will  be  emphasized  at 
high  levels  of  stress. 

Observations  have  also  been  made  of  the 
effects  of  bending  in  a  cantilever  support.  In 
this  case  the  two  cuts  exhibit  frequency  changes 
of  a  similar  magnitude.  In  the  AT  case  however 
the  variation  with  mounting  angle  shows  a 
combination  of  two  components  with  different 
periodicities  in  angular  dependence.  For 
symmetrical  bending  one  of  these  is  expected  to 
cancel  out  leaving  effects  only  due  to  the  second 
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Clamp  adjustment  screw 


Fig.  1.  Apparatus  for  applying  bending  forces  to  a 
crystal . 
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Fig.3.(a)Singly  and  (b)  doubly  rotated  crystal  plates 
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(b)  For  symmetrical  bending 
Fig. 2.  Details  of  crystal  mounts  for  bending. 


Fig. 4.  Frequency  change  for  cantilever  bending. 
AT-cut  crystal. 
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.5  Frequency  change  for  cantilever  bending. 
SC- cut  crystal 
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Fig.  6  Frequency  change  lor  symmetrical  bending 
AT-Cut  crystal 


SC  -cut 


Fig. 7.  Frequency  change  for  symmetrical  bending. 
SC  -cut  crystal. 


Fig. 8  Linearity  of  frequency  change  with  applied  force. 


ETCHING  STUDIES  ON  SINGLY  AND  DOUBLY  ROTATED  QUARTZ  PLATES 
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Summary 

It  has  been  shown  previously1 that  when  lapped 
AT-cut  quartz  plates  are  etched  in  a  saturated 
solution  of  ammonium  bifluoride  (NH4F.HF),  the 
surface  roughness  decreases  with  increasing  depth 
of  etching,  i.e.  the  plates  are  chemically  pol¬ 
ished.  Experiments  on  ocher  cuts  of  quartz  have 
shown  that  etching  in  a  saturated  solution  of 
ammonium  bifluoride  can  also  polish  the  (singly 
rotated)  BT  and  ST-cuts,  but  not  the  (doubly 
rotated)  10°V,  FC,  IT  and  SC-cuts.  The  surfaces 
of  these  doubly  rotated  cuts  become  rougher  with 
increasing  depth  of  etching  in  ammonium  bifluoride. 

Experiments  aimed  at  finding  a  chemical  pol¬ 
ish  for  the  SC-cut  have  been  performed  with  a 
variety  of  etchants.  The  surface  morphologies 
of  etched  SC-cut  plates  depend  strongly  on  the 
compositions  of  the  etching  solutions.  Some  of 
the  solutions  evaluated  did  not  produce  chemical 
polishing  on  either  side  of  SC-cut  plates,  some 
produced  chemical  polishing  on  one  side  but  not 
the  other,  and  some  were  able  to  chemically  polish 
both  sides. 

Chemically  polished  (  A  f / f0f f  =  15)  AT-cut 
5  MHz  5th  overtone  biconvex  resonators  have  exhib¬ 
ited  Q's  as  high  as  2.7  million,  the  Q  of  10  MHz 
3rd  overtone  plano-convex  chemically  polished  AT- 
cut  resonators  was  0.98  million,  and  the  Q's  of 
5.3  MHz  fundamental  mode  chemically  polished  SC- 
cut  resonators  ranged  up  to  1.2  million.  Thus, 
at  least  up  to  10  MHz,  the  chemical  polishing 
does  not  produce  a  significant  Q-degradation. 
Etching  conditions  that  can  lead  to  activity  anom¬ 
alies  will  also  be  described. 

Key  Words.  Etching,  Polishing,  Chemical  Pol¬ 
ishing,  Quartz  Crystals,  Quartz  Resonators,  SC-cut. 

Introduction 

At  the  31st  Annual  Symposium  on  Frequency 
Control,  we  reported  that  when  lapped  AT-cut  plates 
are  etched  in  a  saturated  solution  of  ammonium 
bifluoride  (NH^F.HF),  the  surface  roughness  de¬ 
creases  with  increasing  depth  of  etching,  i.e.  the 
plates  are  chemically  polished.  Etching  a  3pm 
lapped  surface  to  a  depth  of  Af  =  15  f0fj,  where 
f0  and  ff  are  the  Initial  and  final  frequencies, 


respectively,  in  MHz,  and  Af  is  the  difference 
between  the  two  frequencies,  in  kHz,  results  in 
a  surface  roughness  of  0.15pm  and  a  roughness 
angle  of  1.3°.  Chemically  polished  AT-cut  surfaces 
are  atomically  smooth  but  microscopically  undu¬ 
lating,  as  shown  in  the  scanning  electron  micro¬ 
graph  of  Figure  1. 


Figure  1  -  Chemically  Polished  AT-Cut  Surface 


The  objectives  of  the  experiments  reported 
in  this  paper  were  to  determine  if  other  cuts  of 
quartz,  particularly  the  SC-cut,  can  be  similarly 
chemically  polished,  and  to  answer  the  question 
of  whether  or  not  the  chemical  polishing  produces 
an  inherent  Q  degradation. 

Experimental  Methods 

The  experiments  were  performed  mostly  on 
natural  quartz  plates  lapped  with  1pm  or  3pm 
MICROGRIT1  aluminum  oxide  abrasives.  The  main 
exceptions  were  the  ST-cut  plates,  which  hire 
cultured  quartz.  The  reason  natural  quartz  was 
used  in  most  of  the  experiments  is  that,  as  we 
had  shown  previously,  when  cultured  quartz  plates 
are  etched  deeply,  the  results  can  vary  greatly. 
In  most  commercially  available  cultured  quartz, 
the  deep  etching  produces  large  numbers  of  etch 
channels  and  etch  pits  which  can  interfere  with 
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the  evaluation  of  the  surface  topography. 

The  etching  was  performed  in  directly  heated 
Teflon  beakers3.  The  temperature  was  controlled 
to  within  about  +  2°C,  and  was  measured  with  a 
Teflon  coated  thermometer4.  The  carefully  cleaned 
quartz  plates  were  held  in  Teflon  fixtures,  and 
were  agitated  during  etching. 

The  surface  topographies  were  evaluated  by 
scanning  electron  microscopy  (SEM)  and  a  profile 
meter,  as  described  previously1.  All  SEM  micro¬ 
graphs  were  taken  at  a  60°  observation  angle,  with 
the  Z-directions  being  along  the  top  to  bottom 
direction  in  each  micrograph. 

The  NH^F.HF  solutions  were  prepared  from 
NH^F.HF  flakes5.  The  ammonium  fluoride  (NH4F) 
containing  solutions  were  prepared  from  premixed 
40%  solutions5.  The  HF  containing  solutions  were 
prepared  from  49%  HF  solutions6!7  The  concentra¬ 
tions  in  the  various  mixtures  used  in  our  exper¬ 
iments  were  deduced  from  the  relative  volumes  used 
to  prepare  the  solutions.  The  concentrations  were 
not  measured  independently. 

Etching  BT,  ST,  10°V,  FC,  IT  and  SC-cut  Plates 

Etching  in  a  saturated  solution  of  ammonium 
bifluoride  produced  chemical  polishing  on  (the 
singly  rotated)  BT  and  ST-cut  plates,  but  not  on 
(the  doubly  rotated)  10°V,  FC,  IT  and  SC-cut 
plates. 

a.  BT-cut  Plates 

When  lapped  BT-cut  plates  were  etched  in  a 
saturated  solution  of  ammonium  bifluoride,  the 
surfaces  became  smoother  and  smoother  with  in¬ 
creasing  depth  of  etching.  Figure  2  shows  an  SEM 
micrograph  of  the  surface  of  a  BT-cut  plate  which 
had  been  etched  for  2  hours  at  70°C.  On  cerium 
oxide  polished  BT-cut  plates  that  were  deeply 
etched,  the  surfaces  did  not  develop  the  striations 
observable  in  Figure  2.  The  surfaces  remained 
featureless,  except  at  defects  (such  as  scratch 
marks)  which  are  attacked  preferentially  by  the 
etchant.  The  BT-cut  plates'  etch  rate  was  six 
times  slower  (in  units  of  f0ff)  than  the  AT-cut 
plates'  rate. 

b.  ST-cut  Plates 

ST-cut  cultured  quartz  plates,  which  had  been 
Syton  polished  on  one  side  and  rough  ground  on 
the  other,  were  etched  deeply  in  a  saturated  solu¬ 
tion  of  ammonium  bifluoride,  at  75°C.  Figure  3 
shows  that  the  rough  ground  side  became  chemically 
polished.  The  surface  topography  is  similar  to 
the  AT-cuts'.  Figure  4  shows  that  the  polished 
side  remained  polished.  The  surface  topography  is 
featureless,  except  at  crystallographic  defects 
which  are  attacked  preferentially  by  the  etchant. 
Both  Figures  also  show  the  presence  of  etch 
channels . 


Figure  2  -  Chemically  Polished  BT-cut  Surface 


Figure  3  -  Chemically  Polished  ST-cut  Surface 
Rough  Ground  Side 


Figure  4  -  Chemically  Polished  ST-cut  Surface 
Polished  Side 
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c.  10°V,  FC,  IT  and  SC-cut  Plates 


When  the  etching  procedure  that  chemically 
polished  the  AT,  BT  and  ST-cuts  was  attempted  on 
the  (doubly  rotated)  10°V,  FC,  IT  and  SC-cuts,  the 
surfaces  did  not  become  smoother  and  smoother  with 
increasing  depth  of  etching,  but  remained  luster¬ 
less  in  appearance.  SEM  and  Talysurf  examinations 
revealed  that  as  the  etching  progressed,  the  sur¬ 
faces  became  rougher. 

Figures  5-7  show  examples  of  the  surface 
topographies  of  doubly  rotated  cuts  after  deep 
etching  in  a  saturated  solution  of  ammonium 
bifluoride. 


Figure  5  -  Deeply  Etched  10°V-cut  Plate  (NH^F.HF) 


Figure  6  -  Deeply  Etched  FC-cut  Plate (KH^F.HF) 


Figure  7  -  Deeply  Etched  SC-cut  Plate  (NH^F.HF) 


Chemical  Polishing  SC-cut  Plates 

As  discussed  previously1,  etching  will  produce 
chemical  polishing  when  the  etching  process  is 
diffusion  controlled.  Since  the  chemistry  of 
etching  quartz  is  not  fully  understood8,  and  since 
the  rates  of  diffusion,  adsorption  and  desorption 
are  also  unknown,  it  was  not  possible  to  predict 
the  etching  processes  that  could  produce  chemi¬ 
cally  polished  SC-cut  surfaces. 

A  series  of  etchants  were  therefore  evaluated. 
These  etchants  were  of  three  categories:  1.  hydro¬ 
fluoric  acid  (HF)  in  various  concentrations;  2. 
ammonium  bifluoride  (NH4F.HF)  in  various  concen¬ 
trations,  and  3.  mixtures  of  40%  ammonium  fluoride 
(NH^F)  with  49%  HF,  in  various  ratios.  Mixtures 
of  such  "  buffered  fluoride"  solutions  of  NH4F  and 
HF  are  used  in  the  semiconductor  industry,  and 
are  commonly  referred  to  by  the  ratios  of  the  two 
components.  For  example,  a  "5:1  solution"  is  a 
mixture  of  five  parts  (by  volume)  of  40%  NH4F  with 
one  part  of  49%  HF.  " 

Etching  SC-cut  plates  in  a  concentrated  49% 

HF  solution  at  40°C  produced  surfaces  which  were 
lusterless  in  appearance.  Examination  of  the 
surfaces  by  SEM  indicated,  however,  that  the  sur¬ 
face  topographies  of  these  deeply  etched  (  A  f  - 
26  fo£f>  SC-cut  Plates  differed  considerably  from 
the  topographies  of  plates  etched  to  the  same 
depth  in  the  saturated  solution  of  NH4F.HF  at  70°C. 
Moreover,  although  both  sides  of  the  plates  were 
rough,  the  topographies  of  the  two  sides  were  dif¬ 
ferent,  as  is  illustrated  in  Figure  8.  Differences 
between  the  two  sides  of  the  plates  etched  in 
saturated  NH^F.HF  were  also  noticable,  but  were 
much  less  obvious. 
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Figure  8  -  Two  Sides  of  an  SC-cut  Plate  Deeply 
Etched  in  49%  HF 


One  can  explain  the  different  topographies  on 
the  two  sides  of  SC-cut  (and  other  doubly  rotated) 
plates  by  reviewing  the  etching  studies  performed 
by  Bond  and  others^between  1889  and  1940,  or  the 
paper  by  Suda  et.  al.  in  these  Proceedings.  In 
the  early  experiments,  it  was  found  that  polished 
quartz  spheres,  when  etched  in  concentrated  HF, 
dissolved  in  a  highly  anisotropic  manner.  The 
dissolving  spheres  took  on  a  "triangular,  lenti¬ 
cular  appearance",  as  shown  in  Figure  9. 

Since  the  etching  progresses  much  faster  along 
the  +X  direction  than  along  the  -X,  and  since  the 
thickness  direction  of  doubly  rotated  plates  have 
a  component  along  the  X-direction,  the  two  sides 
of  doubly  rotated  plates  will  etch  differently. 

For  example,  dramatic  variations  in  surface 
topographies  were  observed  for  SC-cut  plates  etched 
to  the  same  depth  in  different  solutions.  In 
Figure  8,  the  topographies, consist  of  arrays  of 
pyramid-like  features.  As  the  HF  solution  was 
diluted  with  the  NH4F  solution,  the  pyramids  be- 


ALONG  Y-AXIS  ALONG  Z-AXIS 

Figure  9  -  Deeply  Dissolved  Quartz  Sphere 

came  dome-like  features  which  became  flatter  and 
flatter  as  the  HF  concentration  decreased.  Even¬ 
tually,  the  plates  became  chemically  polished  on 
one  side.  As  the  HF  was  further  diluted,  the 
plates  became  chemically  polished  on  both  sides. 

The  transitions  from  the  rough/rough  to  the 
rough/shiny  to  the  shiny/shiny  surface  topographies 
could  be  readily  observed  with  the  unaided  eye. 
Plates  etched  in  the  1:3,  1:1,  2:1  and  3:1  solu¬ 
tions  at  75°C  became  polished  on  one  side  only. 
Those  which  were  etched  at  75°C  in  the  4:1,  5:1 
and  10:1  solutions  became  polished  on  both  sides. 

Figure  10  shows  SEM  micrographs  of  the  two 
sides  of  an  SC-cut  plate  etched  in  the  2:1  solu¬ 
tion  (  A  f  -  16  f0ff).  Figure  11  shows  the  two 
sides  of  an  SC-cut  plate  etched  in  the  4:1  solu¬ 
tion  (  A  f  =  16  The  surface  roughness  of 

the  smoother  side  is  0.04pm,  the  rougher  side's  is 
0.08pm.  These  surfaces  are  therefore  smoother 
than  the  surfaces  of  AT-cut  plates  chemically  pol¬ 
ished  to  the  same  depth  in  saturated  NH^F.HF. 

According  to  Judge8,  in  dilute  buffered  fluo¬ 
ride  solutions  the  species  determining  the  etching 
rate  of  Si02  are  primarily  HF-T  and  HF  (but  not  the 
free  fluoride  ion) .  Since  the  concentration  of 
these  species  vary  with  pH,  one  might  expect  that 
by  diluting  the  HF  with  water  instead  of  the  NH^F 
solution,  the  etching  kinetics  wou)d  change  signif¬ 
icantly. 

When  the  HF  was  diluted  by  four  parts  water 
instead  of  the  NH^F,  the  resultant  11%  HF  solution 
at  75°C  was  also  able  to  chemically  polish  both 
sides  of  SC-cut  plates,  as  can  be  seen  in  Figure  12 
(  A f  =  15.4  f  f{).  The  surface  roughnesses  of  the 
two  sides  are  0.04pm  and  0.07pm.  The  etching  times 
were  also  comparable,  2  hours  for  the  4:1  solution 
vs.  2.5  hours  for  the  11%  HF.  However,  when  the 
same  HF  concentration  was  prepared  by  diluting  the 
HF  with  two  parts  NH^F  plus  two  parts  H2O,  the 
resultant  solution  produced  chemical  polishing  on 
one  side  only. 

A  dilute  NH^F.HF  solution,  prepared  by  mixing 
one  part  by  weight  of  NH^F.HF  flakes  with  five 
parts  H20,  was  also  able  to  chemically  polish  both 
sides  of  SC-cut  plates,  as  shown  in  Figure  13. 

The  etching  time  to  Af  -  15  £0ff,  at  75°C,  was 
approximately  3  hours,  vs.  30  minutes  to  etch  an 
AT-cut  plate  to  Af  -  15  f0fj  in  saturated  NH4F.HF. 
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Figure  10  -  Two  Sides  of  an  SC-cut  Plate  Deeply 
.Itched  in  a  2:1  Solution 
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Figure  11  -  Two  Sides  of  an  SC-cut  Plate  Deeply 
Etched  in  a  4:1  Solution 
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Figure  12  -  Two  Sides  of  an  SC-cut  Plate  Deeply 
Etched  in  11%  HF 


Figure  13  -  Two  Sides  of  an  SC-cut  Plate  Deeply 
Etched  in  Dilute  NH&F.HF 
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The  etching  rates  were  slower  for  the  more 
dilute  solutions.  It  is  more  difficult  to  deter¬ 
mine  the  etching  rates  for  the  chemical  polishing 
solutions  of  the  SC-cut  than  it  was  for  the  satu¬ 
rated  NH^F.HF.  Since  the  SC-cut' s  polishing  solu¬ 
tions  are  not  saturated,  the  concentrations  change 
more  rapidly  during  etching,  due  both  to  the 
etching  and  to  evaporation. 

The  Effects  of  Chemical  Polishing  on  Resonator  Q 

a.  AT-cut  Resonators 

To  answer  the  question  of  whether  or  not  chem¬ 
ical  polishing  produces  an  inherent  Q  degradation, 
a  group  of  biconvex  5  MHz  5th  overtone  AT-cut 
plates  were  etched  in  a  saturated  solution  of 
NH4F.HF,  at  75°C,  to  A.f  =  15  f0ff •  Three  of  the 
resonators  were  fabricated  and  evaluated  at  Fre¬ 
quency  Electronics  Inc.  (FEI) ,  three  were  fab¬ 
ricated  and  evaluated  at  the  General  Electric 
Neutron  Devices  Dept.  (GEND)  and  three  were 
fabricated  and  evaluated  by  the  authors.  Some  of 
the  blanks  were  Premium  Q  swept,  some  were  natural 
quartz.  FEI  measured  Q's  of  2.7  x  106,  2.5  x  106 
and  2.1  x  10s,  about  the  same  as  the  Q's  of  simi¬ 
larly  fabricated  resonators  made  with  cerium  oxide 
polished  blanks.  GEND  measured  Q's  of  2.1  x  106, 
2.1  x  106  and  1.2  x  106,  and  the  authors  measured 
2.6  x  10fr,  2.4  x  106  and  0.7  x  106. 

An  attempt  was  made  to  determine  the  cause 
of  the  low  Q  for  the  resonator  with  the  Q  of  0.7  x 
106.  An  SEM  examination  of  the  blank  surfaces, 
Figure  14,  revealed  an  approximately  300um  gouge 
near  the  center  of  one  of  the  electrodes,  plus 
several  smaller  defects,  a  few  of  which  are  also 
shown  in  Figure  14.  It  is  not  certain,  however, 
that  these  defects  produced  the  Q  degradation,  be¬ 
cause  when  the  blank  of  the  resonator  with  a  Q  of 
2.6  x  106  was  similarly  examined,  several  less 
deep,  but  similarly  prominent  defects  were  revealed 
as  can  be  seen  in  Figure  15. 

More  work  needs  to  be  done  to  define  the 
relationship  between  blank  defects  and  Q  degrada¬ 
tion.  However,  the  fact  that  Q's  as  high  as  2.7  x 
106  could  be  measured  indicates  that  the  chemical 
polishing  does  not  produce  an  inherent  Q  degrada¬ 
tion,  at  least  not  at  5  MHz. 

Q's  as  high  as  980,000  have  also  been  measured 
for  10  MHz  3rd  overtone  resonators  made  with  chem¬ 
ically  polished  (Af  «  15  f0ff),  14mm  diameter, 

0.37  diopter  plano-convex  blanks.  This  Q  is  com¬ 
parable  to  the  highest  Q  achievable  for  the  blank 
geometry  selected.  (The  0.37  diopter  contour  pro¬ 
vides  the  minimum  resistance,  not  the  highest  o!°) 

b.  SC-cut  Resonators 

A  group  of  four  5.3  MHz,  fundamental  mode, 
plano-convex  14mm  diameter  chemically  polished 
SC-cut  resonators  were  fabricated.  The  contours 
were  1.0  diopter  for  two  of  the  blanks,  2.5  diopter 
for  the  other  two.  The  blanks  were  etched  Af  ■  15 
f0ff  in  a  5:1  solution,  at  75°C.  The  c-mode  Q's 
were  1.2  x  106,  1.1  x  106,  i.O  x  106  and  0.96  x 
106  (the  b-mode  Q's  ranged  from  0.53  x  106  to 
1.3  x  106).  The  c-mode  Q's  are  higher  than  the 


Figure  14  -  Blank  Defects  in  Low  Q  Resonator 


Figure  15  -  Blank  Defects  in  High  Q  Resonator 
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Q's  we  have  been  able  to  achieve  for  5  MHz  funda¬ 
mental  mode  AT-cut  resonators  of  the  same  blank 
diameter,  regardless  of  surface  finish.  This 
is  not  too  surprising  in  view  of  the  fact  that 
the  capacitance  ratios  of  SC-cut  resonators  are 
significantly  higher  than  the  corresponding  Al¬ 
euts'  . 

c.  Etching  Bath  Concentration/Temperature  Effects 

When  AT-cut  crystals  are  etched  in  satu¬ 
rated  solutions  of  NH^F.HF  at  temperatures  up 
to  75°C,the  etching  can  be  readily  monitored 
by  measuring  the  blank  frequencies  in  an  air  gap. 
However,  as  the  etching  bath  temperature  is  in¬ 
creased  to  abo.ve  80°C,  the  blank  activities 
frequently  decrease  so  drastically  that  it  be¬ 
comes  difficult  to  impossible  to  measure  the  fre¬ 
quencies  by  using  only  an  air  gap  and  a  crystal 
impedance  meter.  Even  when  the  modes  are  dis¬ 
played  on  an  oscilloscope,  using  a  microcircuit 
bridge  system11,  it  can  be  difficult  to  determine 
the  main  mode  frequency.  After  electrodes  were 
deposited  onto  such  low  activity  22  MHz  blanks, 
the  resonator  activities  showed  no  comparable  de¬ 
crease.  The  mode  spectrum,  however,  did  exhibit 
a  significant  degradation.  We  do  not  have  an 
explanation  for  these  phenomena. 

When  the  surface  topographies  of  the  low 
activity  blanks  etched  in  a  saturated  solution  of 
NH4F.HF  at  90°C  were  compared  with  the  high  activ¬ 
ity  blanks  etched  at  70°C,  no  significant  differ¬ 
ences  could  be  observed  in  either  the  SEM  micro¬ 
graphs  or  the  profile  meter  scans. 

Both  concentration  and  temperature  appear  to 
play  a  role  in  producing  suppressed  activity.  For 
example,  when  AT-cut  crystals  are  etched  in  a 
saturated  solution  of  NH4F.HF  at  75°C,  the  crystal 
activities  remain  high.  If  the  solution  that  was 
saturated  at  75°C  is  heated  to  90°C  without  per¬ 
mitting  additional  NH.F.HF  to  be  dissolved,  then 
the  solution  does  produce  a  drastic  loss  of  act¬ 
ivity.  If  on  the  other  hand  a  dilute  solution, 
the  concentration  of  which  is  25%  of  a  saturated 
solution's  at  75°C,  is  heated  to  90°C,  no  signif¬ 
icant  activity  loss  is  observed. 

Interestingly,  Wolfskill12  described  similar 
activity  anomalies  in  a  patent  application  filed 
in  1944.  He  had  studied  the  etching  of  AT-cut 
quartz  crystals  in  hydrofluoric  acid  as  a  function 
of  HF  concentration,  and  found  that  the  etching 
rate  was  maximum  at  40%  concentration.  He  also 
noted  that  "...concentrations  less  than  40%  pro¬ 
duce  the  highest  quality  crystals,  while  concen¬ 
trations  as  high  as  60%  tend  to  impair  the  quality 
of  the  crystals..."  The  activity  of  crystals 
decreased  with  increasing  depth  of  etching  for 
concentrations  above  40%.  The  rate  of  decrease 
increased  with  increasing  concentrations.  For 
concentrations  above  60%  he  observed  a  permanent 
reduction  of  activity  immediately  upon  immersing 
the  crystals  in  the  etching  solution.  For  these 
higher  concentration  solutions,  the  activity  versus 
temperature  curves  were  also  "extremely  erratic", 


whereas  for  concentration  below  40%,  no  such 
anomalies  were  observed. 


Conclusions 

Etching  solutions  capable  of  chemically  pol¬ 
ishing  SC-cut  quartz  plates  have  been  found. 
Chemical  polishing  can  be  a  simple,  inexpensive 
batch  process.  If  good  quality  quartz  plates  are 
used,  the  process  can  provide  high  yields,  with 
no  significant  Q  degradation  at  least  up  to  10  MHz. 
Chemical  polishing  produces  plates  of  extremely 
high  strength1,  which  reduces  yield  losses  due  to 
breakage  during  processing  and  provides  the  res¬ 
onators  with  extremely  high  shock  resistance. 

The  process  also  reveals  defects  in  the  quartz  due 
both  to  material  defects  and  surface  finishing 
defects.  It  thereby  should  also  minimize  the 
contribution  of  such  defects  to  resonator  insta¬ 
bilities  and  failures.  The  etching  solutions 
which  produce  a  very  smooth  surface  on  one  side 
of  doubly  rotated  plates  and  a  rough  surface  on 
the  other  side  may  be  useful  for  the  chemical 
polishing  of  doubly  rotated  surface  acoustic 
wave  (SAW)  devices,  since  for  SAW  devices  a  rough 
surface  is  generally  desired  on  one  side  of  the 
plate. 

Since  the  etching  solutions  capable  of  chem¬ 
ical  polishing  the  SC-cut  are  not  saturated,  it 
is  more  difficult  to  control  the  etching  rates. 

The  quantity  of  etchant  in  solution  decreases  as 
the  etching  progresses,  however,  if  an  open  etch¬ 
ing  container  is  used,  the  etchant  concentration 
can  increase  due  to  water  evaporation.  For 
example,  the  partial  pressure  of  HF  over  a  10% 

HF  solution  at  80°C  is  4.5  torr,  whereas  the 
partial  pressure  of  H20  over  the  same  solution 
is  312  torr13. 

HF  can  be  a  major  health  hazard.  The  hazard 
can  be  minimized  by  taking  adequate  precautions 
in  storage  and  handling,  using  appropriate  clean¬ 
up  measures ,  and  by  properly  dealing  with  exposure 
situations. 
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ANISOTROPY  OF  ETCHING  RATE  FOR  QUARTZ  IN  AMMONIUM  BIFLUORIDE 

P.  Suda,  A.E.  Zumsteg  and  W.  Zingg 

OMEGA,  Quartz  Division,  Bienne/Switzerland 


Summary 

The  temperature  dependence  for  the  etching 
rates  of  synthetic  quartz  in  +X,  -X,  Y  and  Z 
crystallographic  directions  together  with  AT-cut 
in  a  saturated  solution  of  ammonium  bifluoride 
(NH4FHF)  is  reported  between  40  and  80°C.  For 
comparison  the  etching  rates  in  hydrofluoric 
acid  have  been  measured.  In  both  etchants  ani¬ 
sotropy  is  very  large  (up  to  a  factor  of  1000) 
and  the  relation  between  etching  rates  are  R(Z)> 
>R(AT)»R(+X)>R(-X)>R(Y).  The  increase  of 
etching  rate  with  temperature  is  less  in  HF  than 
in  NH4FHF. 

A  "polishing"  effect  was  observed  on  +X-faces  in 
NH4FHF  whilst  the  pyramidal  structure  cn  Z-faces 
is  emphasized  by  the  etch  process. 

Introduction 

Although  ammonium  bifluoride  (NH4FHF)  is  an 
etchant  commonly  used  in  the  production  of 
quartz  resonators  we  only  found  some  scarce  in¬ 
formation  about  etching  of  quartz  during  our 
literature  survey.  It  is  well  known  that  the 
etching  rate  of  quartz  primarily  depends  on  the 
etchant,  the  temperature  and  the  crystallogra¬ 
phic  direction  after  the  deformed  surface  layer 
has  been  etched  away.  According  to  Ang  et  al. 
the  change  of  dimension  (Itft  us  say  thickness) 
At  as  a  function  of  time  T  can  be  described 
by  the  following  equation 

At  «  RT  +  c(l- e )  {1) 

where  R  is  the  etch  rate  in  the  linear  region, 
C  is  a  constant  proportional  to  the  abrasive 
grain  size  and  ot  is  the  etch  time  constant  of 
the  surface  layer.  Typical  curves  of  etching 
depth  versus  time  for  X  ,  Y-  and  Z-oriented 
plates  are  shown  in  figure  1.  In  the  initial 
phase  corresponding  to  region  I  the  behaviour 
is  non-linear.  Inthispaper  we  are  interested 
only  in  the  linear  region  II  with  steady  etch 
rate  R. 


In  previous  studies  by  Vig  et  al .  on  AT- 
crystal  plates  etched  in  NH4FHF  and  byLazorina 
et  al.*  on  X-,  Y-  and  Z-faces  of  crystals 
etched  in  HF,  the  temperature  dependence  of 
the  etch  rate  was  well  fitted  by  an  exponen¬ 
tial  law 

R(T)  a  Ae  ^) 

where  the  constant  A  contains  the  nucleation 
rate  of  the  etch  process,  E  represents  its 
activation  energy,  k  the  Boltzmann  constant 
and  T  the  absolute  temperature. 


Preparation  of  blanks 


For  these  investigations  we  used  X-,  Y-, 
Z-oriented  (direction  of  the  normal  to  the 
plate)  crystal  plates  with  dimensions  15  x  14 
x  0.4  (in  mm)  and  AT-cut  plano-convex  crystals 
of  5  MHz  fundamental  frequency  with  a  diameter 
of  14  mm.  The  sides  of  all  plates  were  lapped 
with  silicon  carbide  SiC  800  (mean  diameter  of 
grain  size  =  9  ^m)  and  their  surfaces  with 
SiC  1200  (3  ^m). 


Cultured  quartz  fiom  two  different  sources  has 
been  used  (electronic  grade  quartz  from  Sawyers 
and  quartz  from  Russia),  but  no  significant 
differences  were  found. 


Etching  equipment 


All  experiments  were  performed  in  a  double¬ 
wall  beaker  closed  with  a  double-wall  cover 
having  a  hole  for  agitation  of  the  crystal  jig. 
The  whole  system  was  made  of  polypropylene. 


The  temperature  of  the  etching  bath  was  stabi¬ 
lized  by  water, flowing  from  a  conventional 
thermostat  through  the  walls  of  the  beaker  and 
the  cover.  The  temperature  of  the  water  in  the 
thermostat  and  of  the  etchant  was  monitored 
with  thermocouples  sheathed  with  polypropylene 
A  fairly  constant  temperature  offset  between 
thermostat  and  etchant  of  typically  2°C  and  a 
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thermal  stability  of  t  0.6°C  of  the  etchant 
bath  was  thus  achieved  over  long  periods  (up  to 
70  hours). 

The  blanks  were  placed  vertically  in  a  poly¬ 
propylene  jig  which  was  moved  up  and  down  at  a 
rate  of  0.1  Hz  (travel  2  cm). 

All  blanks  etched  for  the  same  time  interval 
were  processed  together.  None  were  etched  twice 
and  the  "state"  of  all  plates  at  the  beginning 
of  the  etching  was  always  the  same.  Once  these 
experiments  were  carried  through,  new  measure¬ 
ments  on  some  X-  and  Y-blanks  pre-etched  for 
1  hour  at  80°C  yielded  a  perfectly  linear  time 
dependence.  Altogether  approximately  400 
blanks  have  been  measured. 

Methods  of  measurement 


a)  Frequency  method 

For  AT  blanks  the  mostcommon  and  most  exact 
method  to  determine  the  change  of  thickness  2  At 
is  by  the  change  of  frequency  Af  =  f-|  - 
where  f^  and  f2  are  the  initial  and  final 
tnicKness  snear  frequencies.  If  N  represents 
the  frequency  constant  in  MHz  •  mm  (el. 66  for 
AT)  and  if  f^  and  f ?  are  expressed  in  MHz  and 
Af  in  kHz,  the  etcn  depth  on  one  face  At  is 
obtained  in  ^jm  from  the  equation 

ZAt  -  ,3, 

b)  Scale  method 

In  the  case  of  Z  and  AT-cut  plates  the  depth 
of  etching  can  be  determined  accurately  by 
weighing.  In  our  case  the  resolution  of  scales 
was  0.01  mg  and  the  total  change  of  mass  usual¬ 
ly  exceeded  2  mg.  The  correction  arising  from 
etching  of  the  narrow  sides  is  very  small  for 
Z-plates  due  to  the  surface  ratio  (approx.  1  to 
20)  and  the  slow  etch  rates  in  X-  and  Y-direc- 
tions  compared  to  Z.  In  the  case  of  X-  and  Y- 
plates  this  method  can  give  only  very  crude  in¬ 
dication  since  the  loss  of  mass  from  the  narrow 
sides  can  amount  to  90%  of  the  total  change  of 
mass. 


c)  Micrometer  method 


The  resolution  of  thickness  measurements  with  a 
micrometer  is  approximately  1  urn.  For  X-  and  Y- 
plates,  the  total  change  of  thickness  used  to  be 
in  the  range  0.5  to  10  jim  which  yields  conside¬ 
rable  relative  errors. 


d)  Step  method 

In  opposition  to  the  above  methods,  it  is  possi¬ 
ble  to  distinguish  between  etch  depths  in  direc¬ 
tion  +X  and  -X  by  measuring  the  height  of  a  step. 


Therefore  we  have  covered  one  half  of  each  crys¬ 
tal  s'de  with  the  special  black  stopping-out 
varnish  used  for  artistic  etching  of  glass.  This 
masking  was  insufficient  for  long  etching  times, 
therefore  we  used  the  varnish  to  glue  protective 
quartz  plates  on  half  of  both  sides  ot  the  test 
plates.  After  the  etching,  this  sandwich-struc¬ 
ture  was  separated  with  hot  chromic-sulphuric 
acid.  The  step  on  each  side  was  measured  with 
Talysurf  (Fig.  2)  for  all  plates  except  AT.  The 
height  can  be  evaluated  by  either  peak-to-peak 
or  by  mean-to-mean  differences.  The  accuracy  de¬ 
pends  on  the  surface  roughness  and  is  very  often 
limited  by  the  presence  of  crevices. 

Because  surfaces  are  not  microscopically 
flat  the  first  three  methods  may  slightly  yield 
different  values.  The  frequency  and  the  scale 
methods  give  average  "volumetric"  values,  e.g. 
the  thickness  of  an  ideal  plane-plane  plate  (if 
the  effect  of  tension  in  the  deformed  surface 
after  lapping  is  neglected  in  the  former).  With 
the  micrometer  one  gets  a  peak-to-peak  value, 
i.e.  maximal  thickness.  Since  the  measured 
depths  of  etch  are  diffrences  of  either  fre¬ 
quency,  mass  or  thickness,  the  effect  due  to 
surface  roughness  will  cancel  if  the  profile 
does  not  change  significantly. 

All  measurements  made  with  the  four  methods  des¬ 
cribed  were  compatible  and  thus  all  values  were 
used  to  compute  the  etch  rates. 

Experimental  results 


On  plates  with  normal  along  the  Z-axis  the 
change  of  thickness  was  measured  with  scales, 
micrometer  and  Talysurf  and  on  AT-plates  with 
scales,  micrometer  and  in  terms  of  frequency 
change.  Etching  depths  in  +X-  and  -X-directiors 
can  be  obtained  with  the  step  method  only.  The 
mean  value  Y  and  Y  were  also  confirmed  by  micro¬ 
meter. 

For  every  orientation  and  temperature  the  change 
of  thickness  was  plotted  as  a  function  of  etching 
time  (see  Fig.  1).  After  corroboration  of  the 
results  by  the  different  methods,  all  values  in 
the  linear  region  were  used  to  compute  the  etch 
rates  by  linear  regression.  The  time  of  etching 
was  always  long  enough  to  guarantee  sufficient 
extension  of  the  linear  region.  At  80°C  it  only 
took  a  few  minutes  for  Z-  and  AT-cut  plates  in 
order  to  attain  the  linear  region  but  for  X- 
and  Y-plates  the  deformed  surface  layer  (c*2  ^m) 
is  removed  only  after  1  hour  (6  hours  at  40°C). 

a)  Saturated  NH^FHF 

Etching  rates  were  plotted  in  logarithmic  scale 
as  a  function  of  inverse  temperature  (Fig.  3) 
and  the  dependence  agrees  with  the  exponential 
of  equation  (2)  at  all  crystallographic  orienta- 
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ti?ns.  Numerical  values  are  reported  in  table  1. 

We  were  surprised  that  the  etch  rate  in  -X-di- 
rection  is  not  negligible  compared  to  +X.  It 
amounts  to  approximately  30%  and  the  ratio  does 
not  depend  on  temperature.  The  ratio  of  etch 
rates  between  Z-direction  and  AT-cut  also  re¬ 
mains  constant  with  temperature  but  the  slope 
is  less  than  for  X  and  Y.  The  deduced  values  for 
the  activation  energy  is  0.55  eV  (Z-direction) 
and  0.75  (X-d  i  recti  on) .  The  ratio  of  etch  rates 
from  AT-  to  Z-orientations  is  approximately  ]0% 
lower  than  the  value  (sin  35°)  which  one  would 
expect  from  a  simple  geometric  projection.  Our 
experimental  etch  rate  for  AT-cut  is  about  25% 
less  than  the  corresponding  value  reported  by 
Vig  et  al* 

b)  Unsaturated  solution  of  NH^FHF 

We  were  interested  to  know  how  the  etch  rates 
decrease  at  reduced  concentrations.  Therefore 
we  used  a  1:1  solution  (e.g.  1  kg  of  NH4FHF  in 
1  liter  of  distilled  water)  which  is  saturated 
at  40°C.  At  55°C  the  reduction  of  etch  rate  for 
Z-plates  as  compared  to  saturated  ammonium  bi¬ 
fluoride  was  about  2%  and  about  5%  at  8QOC.  In 
a  solution  saturated  at  room  temperature  (con¬ 
centration  unknown)  and  heated  to  98°C,  the 
etch  rate  was  about  10%  below  the  value  extra¬ 
polated  on  figure  3  for  Z-direction. 

c)  Effect  of  solved  SiO? 

In  order  to  evaluate  the  influence  of  solved 
quartz  onto  the  etch  rate  we  added  1 .86%  SiOg 
(in  weight)  to  saturated  ammonium  bifluoride.  At 
all  temperatures  the  etch  rates  measured  on  Z- 
plates  were  about  15%  lower  than  for  the  origi¬ 
nal  solution  which  corresponds  roughly  to  a  1% 
reduction  in  etch  rate  per  gram  of  quartz  solved 
in  one  liter  of  saturated  solution.  The  effect 
on  other  orientations  was  not  investigated. 

d)  Hydrofluoric  acid 

A  series  of  experiments  was  carried  out  as  in 
part  a)  but  in  38%  hydrofluoric  acid  and  on  pre¬ 
etched  plates  only.  The  results  at  two  tempera¬ 
tures  (19.4  and  39.9°C)  are  shown  on  the  right 
of  figure  3  and  in  table  2.  As  expected  the 
etch  rates  are  generally  larger  than  in  satura¬ 
ted  ammonium  bifluoride  and  the  1/T-slopes  are 
smaller.  However  the  ratios  of  rates  in  various 
directions  are  different.  For  instance  the  ratio 
of  etch  rates  for  Z-  to  AT-orientations  is  10 
(while  it  is  2  for  NH4FHF)  and  for  +X  to  -X  the 
ratio  is  12  (3.5  for  NH4FHF).  A  striking  dif¬ 
ference  occurs  between  HF  and  NH4FHF  on  Z-plates 
si-’ce  the  etch  rate  in  the  former  etchant  is 
almost  one  order  of  magnitude  higher.  The  ratios 
of  etch  rates  between  HF  an  NH4FHF  at  40°C  in 
the  different  orientations  are  listed  in  table  2. 
It  should  also  be  noted  that  our  values  for  X- 


and  Y-oriented  crystal  plates  are  lower  at  40°C 
than  those  given  by  Lazorina  et  al.3  and  that 
the  discrepancy  is  important  for  Y-orientation 
(»  50  times),  ihis  remains  puzzling. 

The  effect  of  concentration  onto  the  etch  rate 
has  been  checked  for  Z-plates  with  30%  and  50% 

HF.  The  dependence  is  linear  and  the  change  in 
etch  rate  amounts  to  0.65  ;um/h  per  percent  of 
concentration  change  at  20°C. 

From  figure  3  it  can  be  seen  that  the  etch  rate 
in  saturated  NH4FHF  will  be  larger  at  higher 
temperature  than  in  38%  HF  although  the  con¬ 
centration  of  hydrofluoric  acid  in  ammonium  bi¬ 
fluoride  is  lower.  One  may  surmise  the  forma¬ 
tion  of  polymeric  ions  4  of  the  type  {.HFg  1  » 
{H2F3"]  to  be  involved  in  this  phenomenon  but 
the  explanation  lies  beyond  our  knowledge. 

e)  Change  of  shape 

We  observed  that  after  long  etching  some  edges 
and  corners  were  missing.  The  configurations 
for  X-  and  Y-plates  are  shown  in  figure  4.  The 
edge  between  X-  and  Y-planes  remains  sharp.  The 
effect  is  much  bigger  on  X-plates  than  on  Y- 
plates  and  in  both  cases  increases  with  time. 

At  some  corners  small  facets  occurred.  No  such 
effect  was  found  on  Z-plates  but  these  were 
etched  for  relatively  short  times. 

f)  Change  of  surface  structure 

The  etch  figures  developed  on  the  different  pla¬ 
nes  of  etched  crystals  agree  with  those  dis¬ 
cussed  by  Cady  5  .  We  observed  the  changes  of 
these  figures  with  increasing  etch  time  using 
an  optical  microscope  with  differential  inter¬ 
ference  constrast  and  the  changes  in  profile 
with  a  Talysurf. 

On  Z-faces  small  trigonal  pyramids  appear  after 
short  time  and  their  dimensions  increase  v/i th 
increasing  depth  of  etch.  The  surface  gets 
rougher . 

On  Y-faces  typical  trapezoidal  figures  develop 
very  quickly.  Their  surface  increases  drastical¬ 
ly  with  etching  time  but  their  depth  reaches  a 
steady  value  which  is  approximately  twice  the 
characteristic  depth  of  the  lapped  surface 
(  «  0.4  ^m  with  SiC  1200) . 

The  -X-surfaces  appear  like  parallel  furrows 
oriented  along  Z.  A  profile  scan  after  short 
etching  times  shows  a  few  deep  grooves  ( ca  1.5jim) 
but  these  irregularities  disappear  after  long 
etching  times.  The  profile  gets  very  anisotropic 
in  the  -X-faces;  in  Y-direction  it  remains  si¬ 
milar  to  lapped  surface  whereas  in  Z-direction 
it  is  much  broader. 

The  most  interesting  effect  was  observed  on  +X- 
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surfaces.  Relatively  deep  grooves  {*0.4  jum) 
with  rhombus-1  i ke  shapes  were  found  after  short 
etching  times.  With  increased  etching  the  +X- 
surface  becomes  much  smoother  (profile  depth 
about  0.15/im)  and  the  structure  is  isotropic 
in  the  plane. 

A  quantitative  analysis  of  the  dependence  of 
surface  roughness  on  the  depth  of  etching  has 
not  been  attempted. 

Conclusions 

The  etching  rates  of  quartz  in  ammonium  bifluo¬ 
ride  like  in  hydrofluoric  acid  are  very  aniso¬ 
tropic.  The  relations  in  both  etchants  are 
R(Z)>R(AT)»R(+X)>R(-X)>R(Y).  The  etch  rates 
in  HF  38%  at  temperatures <<40°C  are  generally 
larger  than  in  saturated  NH^FHF  but  the  tempe¬ 
rature  dependence  is  slower.  Anisotropy  of 
etching  in  ammonium  bifluoride  decreases  with 
increasing  temperature.  The  influence  of  con¬ 
centration  of  bifluoride  and  also  of  dissolved 
Si 02  on  the  etch  rates  is  relatively  small.  The 
pyramidal  structure  of  Z-plates  becomes  rougher 
with  longer  etching  whereas  on  +X-faces  a  "po¬ 
lishing"  effect  takes  place.  On  -X-faces  the 
depth  of  profile  does  not  change  significantly 
from  that  of  the  lapped  surface  and  on  Y-sur- 
faces  the  depth  of  trapezoidal  grooves  increa¬ 
ses  rapidly  to  a  steady  value  approximately 
twice  that  of  the  initial  state. 
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Temperature  Orientation  of  crystal  plates 


(°C) 

Z 

AT 

+X 

-X 

X 

Y 

81 

45.7 
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Table  1 

Etching  rates 

in  NH4FHF  (;im/h) 

Temperature 

Orientation 
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39-9 

39 
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0.35 
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0.19 

0.019 

40 
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R(NH4FHF) 
at  40°C 

8.9 

1.8 

2 

0.6 

1.7 

*  1 

Table  2 


Etching  rates  in  HF  38%  (^m/h ) 
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Fig.  1  Etching  depth  per  face  as  a  function 
of  time  with  non-linear  region  I  and 
linear  region  II. 


Fig.  2  Talysurf  scan  on  +X-face  etched 
for  30  minutes  at  80°C. 


> 


Fig.  3  Temperature  dependence  of  etching 
rates  for  all  measured  crystallo¬ 
graphic  orientations. 
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Fig.  4  Shape  of  edges  after  etching  for 
68  hours  at  40°C  in  ammonium 
bifluoride. 
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A  MICROPROCESSOR  ASSISTED  ANODIZING  APPARATUS  FOR  FREQUENCY  ADJUSTMENT 


Dick  Ang 


Tyco  Crystal  Products  Inc., 
Phoenix,  Az  8S919 


Summary 

Anodizaion  of  aluminium  electrode 
quartz  crystal  units  have  been  applied  for 
several  years.  By  controlling  the  thickness 
of  the  oxide  on  the  crystal  electrode  the 
frequency  of  the  crystal  unit  is  changed 
until  it  reaches  the  desired  frequency.  By 
utilizing  a  microprocessor  assisted  instru¬ 
mentation  we  have  been  able  to  process 
several  crystals  simultaneously,  but  treating 
each  crystal  individually  as  far  as  the 
required  anox  voltage  is  concerned.  Using 
this  technique  we  are  able  to  process  on 
the  order  of  1300  crystals  per  person  per 
day  with  very  high  yields. 


Introduction 

In  1976  V.E.  Bottom  of  Tyco  Crystal 
Products  introduced  the  anodization  process 
on  VHF  crystal  units.1  Several  advantages 
are  readily  apparent  about  this  process. 
Lower  aging  rate  because  the  AI2O3  film  is 
considerably  thicker  than  the  natural  oxide 
thickness  on  the  aluminum  of  non  anodized 
units.  The  AI2O3  film  is  grown  uniformly 
over  the  electrode  surface,  thereby  reducing 
spurious  responses  on  the  crystals,  (these 
are  crystal  responses  which  may  occur  below 
the  series  resonance  frequency  because  of 
uneven  thickness  over  the  electrode  area) . 
AI2O3  is  a  hard  material,  unlike  over 
plating  with  other  relatively  soft  metals, 
it  is  resistant  to  scratching  during  hand¬ 
ling  between  final  frequency  adjustment  and 
sealing.  The  problem  of  "sleeping  sickness" 
appears  to  be  less  likely  because  the  AI2O3 
layer  is  intimately  bonded  to  the  aluminum 
electrodes . 

Anodization  involves  the  build  up  of 
aluminum  oxide  film  on  the  electrode  surface 
of  a  resonator.  The  thickness  of  the  oxide 
film  is  governed  by  the  applied  voltage 
during  anodization.  If  the  frequency  of  a 
crystal  resonator  is  X  Hz  above  the  target 
frequency,  the  required  anodizing  voltage 
is  approximately1- 

(a)  V=  Vo  +  £  and  (b)  A-  n.87  hf?  (1) 

A  1 


Where : 

X  =  number  of  Hz  above  target  frequency 

A  =  anox  constant  in  Hz  Volt 

h  =  overtone  number:  1,  3,  5,  ... 

fn  =  fundamental  freauency  of  the  blank 
in  MHz 

Vo  =  the  threshold  voltage  on  the  film 

In  actuality  the  threshold  voltage  Vo  is 
not  known  precisely  it  is  generally  less 
than  on  the  order  of  4  volts.  Furthermore 
the  anox  constant  A  is  slightly  dependent 
on  the  electrode  dimensions  and  is  very 
sensitive  to  foreign  ion  contamination  in 
the  solution.  Variation  on  the  order  of 
20%  in  the  constant  A  is  not  uncommon  and 
severe  contamination  of  the  solution  can 
result  in  the  entire  removal  of  the  aluminum 
film  with  the  ultimate  result  of  an  inoper¬ 
ative  crystal.  Therefore,  although  the 
voltage  can  in  principle  be  computed 
rather  easily  from  the  equations  1  (a)  and 
1  (b) ,  in  actuality  the  process  may  not 
always  be  that  simple  to  control.  Poor 
knowledge  of  Vo  and  variations  in  the 
constant  A  can  quickly  lead  to  a  trial  and 
error  method  of  adjusting  the  frequency  of 
the  crystal.  In  the  anodization  process 
of  quartz  resonator  crystals  which  are  over 
anoxed^  and  thus  its  frequency  too  low, 
cannot  be  raised  by  "reverse  anodization" 
as  a  crystal  can  be  "deplated"  to  raise 
its  frequency.  One  method  to  raise  the 
crystal  frequency  for  over  anodized  crys¬ 
tals  is  by  etching  the  electrodes  in  a 
diluted  sodium  hydroxide  solution.  This 
process,  however,  consumes  the  aluminum  in 
the  electrodes  at  a  far  greater  rate  lh<.n 
the  A^Oj.  Thus  in  some  cases  it  can  reduce 
the  film  conductivity  to  an  unusable  level. 

In  contrast  to  electroplating  for 
frequency  adjustment;  where  the  electrode 
film  can  be  plated  or  deplated,  to  lower  or 
increase  the  frequency  of  the  resonator 
respectively;  the  anox  process  requires 
precise  control  for  its  success.  As  a 
corollary  ic  thic,  the  skills  of  assembly 
persons  for  anodization  develops  more  slow 
ly  than  skills  in  other  mere  conventional 
methods  of  frequency  adjustment. 
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The  advantages  in  performance  of  anod¬ 
ized  units,  however,  far  outweights  the 
difficulties  we  mentioned.  This  paper  will 
attempt  to  describe  what  we  have  learned 
and  applied  to  gain  better  control  of  the 
anox  process  with  the  aid  of  a  micro  com¬ 
puter. 


however,  to  assure  that  we  are  slightly 
above  the  target  frequency  Fo,  we  only 
apply  a  fraction  of  this  voltage,  i.e. 

V  =  0.9  .(.F.x  -£2). 

A 

The  second  anodizing  voltage  is  thus 


Successive  Anodization  Method 


Better  control  of  the  anox  process  can 
be  obtained  by  performing  successive  anod¬ 
ization  voltages  as  prescribed  in  the 
following  sequence.  Suppose  a  crystal 
which  is  to  be  frequency  adjusted  has  a 
frequency  of  Fj  and  the  target  frequency  is 
Fo  as  shown  in  figure  1.  The  threshold 
voltage  Fo  is  unknown,  but  it  can  be  set  to 
a  value  which  is  slightly  higher  than  the 
upper  bound  of  the  natural  oxide  layer.  By 
applying  a  S  volt  anodizing  voltage  to  each 
crystal  electrode,  we  assure  that  the  thresh¬ 
old  voltage  of  the  crystal  is  at  5  volts. 
The  frequency  of  the  crystal  will  decrease 
slightly  from  Fj  let  us  define  this  fre¬ 
quency  to  be  Fx. 


V,  =  V,  +  O'.  9  Cpx  ~  po) 

*  1  A 

After  the  second  anodization  voltage  is 
applied  the  frequency  of  the  crystal  will 
be  at  Fy  (see  figure  1)  and  as  expected 
still  above  the  target  frequency  Fo.  The 
difference  in  the  frequency  Fx  -  Fy  is  a 
result  of  applying  the  voltage  of  magnitude 

0.9  (r:x.  ~  F°) 

A 


We  can  now  determine  the  exact  anox  constant 
for  this  crystal;  i.e. 


■1  (Fx  -  Fy)  A 
A  =  0.9  (Fx  -  Fo) 


V 


1 


{ 


F 


1 


Fx  -1 


► 


v  0 C 


The  final  anodization  step  can  now  be 
applied  and  the  incremental  voltage  neces¬ 
sary  to  reach  Fo  is  therefore: 

v  =  (py  -  Fo) 

A1 


Fy  -  Fo 
A 


{ 


Fy 

Fo 


VA  =  V0  *  (JL)  ;  A  -  0.87  hfj2 
Vx  =  V0  s  SV 


The  third  and  last  anox  voltage  is  there¬ 
fore: 

V3  =  V2  +  (Fy  '  Fo) 

Al 

Although  the  above  sequence  appears  to  be 
tedious  and  complex  to  apply,  it  can  easily 
be  performed  with  the  aid  of  a  micro  pro¬ 
cessor  assisted  apparatus.  Furthermore  to 
make  more  efficient  use  of  the  processing 
time,  several  crystals  can  be  anodized 
simultaneously. 


=  V,  +  (■  Fx-.:...F°-)  0.9 

1  v  A 


' '«  *  <jLir2-> 

_  (Fx  -  Fy)  A 
’  0.9  (Fx  -  Fo) 


Figure  1 

The  next  step  is  to  estimate  the  volt¬ 
age  necessary  to  reach  the  target  frequency 
Fo  starting  from  Fx  with  the  S  volt  thresh¬ 
old  voltage  on  the  electrodes.  Since  the 
constant  A,  the  anox  constant,  is  not  known 
precisely;  we  use  an  intermediate  step  to 
determine  A.  To  achieve  this  we  can  esti¬ 
mate  the  required  voltage  using  the  con¬ 
stant  A  defined  in  equation  1  (b) ;  i.e. 
v  =  (Fx  -  Fo) 

A 


Instrument  Description 


The  block  diagram  of  the  system  we 
implemented  is  shown  in  figure  2.  The  CRT 
terminal,  floppy  disk  and  8  bit  micro  com¬ 
puter  with  the  associated  Basic  Interpreter 
comprise  the  computing  part  of  the  system. 

We  choose  Basic  because  it  is  an  easy 
interactive  language  to  learn  and  implement. 
The  remaining  parts  in  figure  2  comprise 
the  processing  portion  of  the  hardware. 

The  micro  computer  system  incorporated  into 
the  apparatus  is  a  North  Star  Horizon  Com¬ 
puter.  3  The  D  to  A  and  A  to  D  convertors 
and  I/O  circuitry  is  available  on  the  market 
from  Crommenco  in  the  form  of  card  modules. ** 
The  eight  bit  resolution  of  the  D  to  A 
convertors  allows  the  anox  voltages  to  be 
varied  from  5  to  55  volts  in  increments  of 
0.2  volts.  This  is  an  equivalent  change 
on  the  AI2O3  film  in  ;teps  of  about  2  Ang¬ 
stroms  from  about  60  to  6c0  Angstroms. 
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FIGURE  2 


The  programmable  constant  voltage 
power  supplies  are  essentially  high  voltage 
operational  amplifiers  driving  a  pass 
transistor.  The  programmable  power  supplies 
converts  the  low  output  voltage  from  the 
D  to  A  convertors  to  a  maximum  of  SS  volts. 
The  BCD  data  from  the  HP  5526C  counter 
(or  any  counter  with  BCD  output)  is  trans¬ 
mitted  to  the  micro  computer  via  the 
Parallel  I/O  ports  available  on  the  D  to  A 
modules . 

The  anox  module  provides  a  platform 
for  processing  the  crystals.  In  this  sys¬ 
tem  12  crystals  are  simultaneously  proces¬ 
sed  and  each  crystal  is  treated  individually. 
The  only  requirement  it  must  have  is  that 
the  adjustment  range  must  be  achievable 
with  less  than  or  equal  to  55  volts.  The 
anox  module  contains  12  individually 
addressable  oscillators  and  buffer  ampli¬ 
fiers,  12  pairs  of  nitrogen  jets  for  drying 
the  crystals  and  12  addressable  anox  lines. 
The  anox  voltage  which  can  reach  as  high 
as  55  volts  is  prevented  from  damaging  the 
oscillator  circuitry  by  blocking  capacitors. 

The  anox  tank  is  designed  to  accommo¬ 
date  up  to  twelve  crystals  with  a  minimum 
amount  of  interaction  between  the  anodizing 
electric  fields.  The  negative  electrode 
in  the  tank  is  the  common  electrode  for 
all  the  crystals  in  this  electrolytic  cell. 
By  dividing  the  tanks  into  compartments, 
the  eleccric  field  from  each  crystal  is 
directed  towards  the  common  aluminum  elec¬ 
trode  rather  than  towards  other  crystals 
with  a  lower  potential.  The  tank  is 


constructed  out  of  plexiglass  material 
such  that  the  liquid  level  can  be  inspected 
for  proper  coverage  on  the  crystal  elec¬ 
trodes.  To  facilitate  the  draining  of  the 
electrolyte  in  the  tank,  a  solenoid  valve 
is  attached  to  the  bottom  of  the  tank. 

Anodizing  Procedure  and  Software  Outline 

Figure  3  shows  the  anodizing  procedure 
and  software  outline  which  ue  implemented 
in  this  instrument. 

The  crystals  which  are  to  be  anoxed 
are  inserted  into  the  anox  processing 
module.  The  module  is  then  lowered  into 
the  anox  tank  for  the  first  5  volt  anox 
for  a  length  of  time  of  about  5  seconds. 

The  anox  tank  is  equipped  with  a  photo¬ 
detector  which  tells  the  micro  porcessor 
that  the  processing  module  is  over  the 
tank  and  anodization  should  begin  on  all 
twelve  crystals.  The  microprocessor  times 
the  operation,  and  after  5  seconds  has 
elapsed  it  will  turn  off  the  5  volt  anod¬ 
izing  voltage  and  commands  the  anox  opera¬ 
tor,  via  the  CRT  terminal,  to  wash  and  dry 
the  crystals.  The  operator  then  picks  up 
the  processing  module  and  goes  over  the 
washing  procedure. 

The  washing  procedure  consists  of  2 
ultrasonic  rinses  in  deionized  water  and 
one  ultrasonic  rinse  in  methanol.  The 
ultrasonic  tanks  are  equipped  with  micro¬ 
switches  such  that  it  operates  only  when 
the  anox  module  is  over  the  particular 
ultrasonic  station.  Solenoid  operated 
drain  valves  below  the  ultrasonic  tanks 
facilitate  the  draining  of  the  liquid 
insiae  the  ultrasonic  vessel.  After  the 
last  methanol  rinse  is  completed,  the  anox 
module  is  transfered  to  the  drying  area 
where  dry  nitrogen  gas  in  metered  into  the 
drying  jets  and  directed  to  the  crystal 
surfaces.  The  drying  time  is  also  control¬ 
led  by  the  microprocessor  by  inputting  a 
preprogrammed  time  into  the  device. 

After  the  crystals  are  dry,  the  micro¬ 
processor  begins  to  address  each  oscillator 
individually  and  retrieve  the  frequency 
data  from  each  crystal  via  the  HP  5326C 
frequency  counter.  After  all  twelve  fre¬ 
quency  data  are  taken,  the  microprocessor 
computes  the  first  estimated  anox  voltages 
for  all  twelve  crystals.  These  voltages 
may  and  are  usually  different  for  all 
twelve  crystals.  The  microprocessor  com¬ 
mands  the  operator  to  lower  the  anox  modu¬ 
le  into  the  anox  tank  for  the  trial  anod¬ 
ization;  i.e.  the  crucial  anodization  step 
for  computing  the  actual  value  of  the  anox 
constant  A1  for  each  crystal.  Again  the 
photodetector  on  the  tank  tells  the  micro¬ 
processor  to  commence  anodization  on  all 
the  crystals  with  specific  voltages  on 
each  crystal  and  timing  each  crystal  pro¬ 
perly;  i.e.  those  crystals  with  the  lower 
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voltages  will  be  anodized  for  shorter  times 
and  conversely  those  with  higher  anox  volt¬ 
ages  will  be  anodized  for  longer  times. 

The  anodization  is  terminated  by  turning 
the  voltages  to  Vo  =  S  volts.  The  crystal 
which  requires  the  highest  anox  voltage 
determines  the  maximum  time  the  anox  modu¬ 
le  spends  over  the  tank.  After  the  comple¬ 
tion  of  this  stage,  the  microprocessor 
again  commands  the  operator  to  wash  and  dry 
the  crystals.  Each  crystal  frequency  will 
again  be  retrieved  by  the  microprocessor 
and  the  anox  constant  A*  is  calculated  for 
each  crystal.  The  necessary  voltage  for 
each  crystal  to  reach  target  frequency  is 
computed  and  the  operator  lowers  the  anox 
module  for  the  third  and  last  time.  After 
the  anodization  is  completed  the  crystals 
are  washed  and  dried  and  its  frequencies 
are  again  read  by  the  microprocessor  and 
compared  to  the  allowed  frequency  tolerance 
of  the  units. 


FIGURE  3 

The  CRT  displays  all  the  frequency 
data  and  other  pertinent  data  on  the  screen. 
It  displays  which  crystals  are  good  and  the 
anox  constant  A1  of  each  crystal.  A  closely 
grouped  A^  constants  with  a  mean  value  close 
to  that  defined  by  equation  1  (b)  usually 
indicates  that  the  process  is  under  excellent 


control.  Conversely  wild  variations  in  A* 
from  crystal  to  crystal  indicates  that  the 
process  is  out  of  control.  The  yield  data 
after  each  run  is  stored  into  the  disk  and 
can  be  retrieved  at  the  end  of  the  day  for 
yield  analysis. 

Production  Notes 

Tyco  has  operated  this  instrument  for 
over  a  year  at  this  time.  The  yield  of  this 
particular  step  in  the  production  is  gener¬ 
ally  951  or  better.  The  peak  troughput  is 
about  1300  crystals  per  eight  hours  with  a 
standard  deviation  of  about  3  ppm  on  the 
frequency  v.s.  distribution  curve.  The 
crystals  were  3rd.  overtone  units  at  about 
50  MHz.  The  set  up  time  and  cleaning  time 
takes  about  5  minutes  respectively  for  an 
eight  hour  shift. 

The  microprocessor  part  of  the  system 
is  by  far  most  reliable  group  of  hardware 
in  this  system,  the  individual  oscillators 
in  the  anox  module  the  worst  in  terms  of 
maintenance.  The  oscillators  have  to  be 
recalibrated  periodically  (at  least  once  a 
month)  to  maintain  its  correlation.  Indeed 
the  anox  module  receives  the  most  abuse  in 
terms  of  shock  and  vibration  in  everyday 
service.  Incidentally  the  maximum  batch 
quantity  of  twelve  in  this  system  is  by  no 
means  a  limitation  on  the  computing  part  of 
the  system.  A  batch  quantity  of  100  crys¬ 
tals  per  run  is  entirely  feasible  from  the 
computing  standpoint.  The  problem  involves 
the  weight  of  the  processing  module.  In 
such  applications  we  recommend  a  robot  arm 
to  move  the  anox  module  from  the  various 
anodizing  and  rinsing  stations.  Our  system 
can  also  be  adapted  for  batch  electroplating 
by  changing  the  programmable  constant  volt¬ 
age  power  supplies  and  slight  modifications 
in  the  tank  system. 
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Abstract 

An  ultrahigh  vacuum  continuous  cycle  quartz 
crystal  fabrication  facility  has  been  developed 
that  assures  an  essentially  contamination  free  en¬ 
vironment  throughout  the  final  manufacturing  steps 
of  the  crystal  unit.  The  system  consists  of  five 
essentially  tubular  vacuum  chambers  that  are  in¬ 
terconnected  through  gate  valves.  The  unplated 
crystal  resonators,  mounted  in  ceramic  flatpack 
frames  and  loaded  on  carrier  trays,  enter  the 
vacuum  system  through  an  entrance  air  lock,  are 
UV/ozone  cleaned,  baked  at  300°C,  plated  to  fre¬ 
quency,  thermocompression  sealed, and  exit  as  com¬ 
pleted  crystal  units  through  an  exit  air  lock, 
while  the  bake,  plate  and  seal  chamuers  remain 
under  continuous  vacuum  permanently.  In-line  con¬ 
veyor  belts  are  used,  in  conjunction  with  bal¬ 
anced  vacuum  manipulators,  to  move  the  resonator 
components  to  the  various  work  stations.  Unique 
high  density,  highly  directional  nozzle  beam  evap¬ 
oration  sources,  capable  of  long  term  operation 
without  reloading,  are  used  for  electroding  the 
resonators  simultaneously  on  both  sides.  The  de¬ 
sign  goal  for  the  system  is  a  production  rate  of 
200  units  per  8  hour  day;  it  is  adaptable  to  auto¬ 
matic  operation. 

Key  Words 

Quartz  Crystal  Units;  Ultrahigh  Vacuum  Systems; 
Ceramic  Flatpack  Crystal  Units;  Nozzle  Beam  Evap¬ 
oration  Source;  In-Vacuum  Transport;  In-Vacuum 
Manipulator;  Thermocompression  Sealing;  Hermetic 
Sealing. 

Introduction 

The  development  of  the  ceramic  flatpack  crys¬ 
tal  unit,  it  its  various  stages,  has  been  described 
in  the  past1'4.  The  current  paper  deals  with  an 
ultraphign  vacuum  system  to  process  the  flatpack 
crystal  units  in  a  continuous  cycle  vacuum  system. 

*The  system  has  been  designed  and  constructed  at 
the  General  Electric  Neutron  Devices  Department 
under  an  ERADCOM  sponsored  MM&T  contract  (Nr.  HH 
61 0964CPW3/01 ) ,  in  accordance  with  ERADCOM 
supplied  visualization  and  concept  design  draw¬ 
ings. 


The  functions  to  be  performed  in  the  system 
are  UV/ozone  cleaning,  vacuum  bake,  deposition  of 
gold  to  a  specified  resonant  frequency  and  a 
thermo-compression  sealing  of  the  envelope.  Un¬ 
plated  resonators,  mounted  in  flatpack  frames,  are 
inserted  into  the  system,  and  exit  as  completed 
crystal  units. 

The  major  criteria  in  the  design  of  the  sys¬ 
tem  was  serviceability  and  the  ability  to  auto¬ 
mate  its  operation  at  a  later  date^. 

Discussion 

In  order  to  achieve  the  above  goals,  a  five- 
chamber,  tubular  envelope  with  in-line  conveyor 
transports  and  manipulators  was  developed.  Figure 
1  is  a  cross  sectional  schematic  diagram  of  the 
system.  The  five  chambers  are  located  as  shown: 
the  entrance  and  UV  clean  chamber,  the  bakeout 
chamber,  the  plating  chamber,  the  sealing  chamber, 
and  the  exit  chamber.  Each  chamber  is  separated 
from  the  adjoining  chambers  by  gate  valves,  and 
each  chamber  is  individually  pumped  by  cryogenic 
pumps.  Each  chamber  contains  a  conveyor-like 
transport,  which  carries  parts  trays  to  the  pro¬ 
cessing  stations.  The  transports  are  in  line,  so 
that  the  trays  may  be  transferred  from  transport 
to  transport  over  a  relatively  small  gap 
at  the  gate  valves.  Three  manipulators  are  util¬ 
ized  to  move  the  parts,  or  trays,  to  the  respec¬ 
tive  work  stations,  one  each  at  the  coarse  and 
f"  ie  plating  stations,  the  third  at  the  sealing 
station.  The  flatpack  components  are  loaded  be¬ 
tween  guide  rails  in  the  parts  trays  in  a  lid- 
frame-lid  sequence;  experiments  to  date  have  been 
made  with  ten  set  trays,  adapted  to  the  ceramic 
flatpack  enclosures  measuring  1  cm  on  the  side. 

The  first  chamber  is  used  as  an  "air  lock" 
chamber,  so  that  parts  trays  may  be  inserted  in¬ 
to  the  system  without  exposing  the  rest  of  the 
system  to  the  atmosphere.  This  chamber  is  also 
used  as  an  ultraviolet/ozone  cleaning  chamber. 
Special  mercury/quartz  lamps,  with  dual  envelopes 
are  used,  -  the  outer  envelope  is  intended  to 
minimize  the  possibility  of  contaminating  the 
system  with  mercury. 
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The  components  are  vacuum  baked  in  the  second 
chamber.  Here,  tantalum  heaters, and  reflectors  lo¬ 
cated  above  the  transport,  are  capable  of  heating 
the  parts  trays  to  above  300°C.  The  transport  ma¬ 
terials  and  construction  permit  continuous  opera¬ 
tion  at  300°C  and  at  10-8  torr  for  extended  per¬ 
iods  of  time. 

The  third  chamber  contains  two  gold  plating 
stations.  The  first  one  is  for  coarse  plating, 
with  the  crystal  resonator  at  300°C,  the  second 
for  fine  tuning  at  the  "turn  over"  temperature. 

Each  station  has  two  deposition  sources  for  simul¬ 
taneous  plating  on  both  sides  of  the  crystal.  A 
nozzle  beam  gold  source  was  developed  for  this 
purpose.6*8  (The  current  design  of  this  source 
will  be  described  later.)  Each  station  has  a  mask 
head  which  contains  the  mask  and  associated  equip¬ 
ment.  The  manipulators  transfer  the  substrates 
from  the  parts  trays  into  the  mask  head,  and  back 
to  the  trays  after  plating.  Mask  exchange  is  like¬ 
wise  accomplished  with  the  aid  of  the  carrier  trays 
and  manipulators. 

In  order  to  maintain  high  vacuum  in  the  plat¬ 
ing  chamber  for  several  hundred  days  continuously, 
the  sources  and  mask  heads  are  mounted  on  eleva¬ 
tors.  These  elevators  may  be  retracted  through 
gate  valves,  into  readily  demountable  auxiliary 
chambers  for  maintenance  purposes.  The  elevator 
shaft  to  port  openings  are  sealed  with  metal  bel¬ 
lows. 

The  fourth  chamber  contains  the  gold  thermo- 
c  mpression  press  and  oven.  The  parts  trays  are 
transferred  from  the  transport  into  the  sealing 
oven  and  back  to  the  transport  by  the  third  mani¬ 
pulator.  The  components  are  heated  to  325°c, 
prior  to  sealing,  at  a  system  pressure  of  about  5 
X  10*8  torr;  a  hydraulically  operated  ramrod  is 
then  used  to  seal  the  10  units  in  the  tray  simul¬ 
taneously.  Metal  bellows  provide  the  vacuum  seal 
for  the  ramrod.  Operational  data  to  date  indica¬ 
ted  a  sealing  yield  of  83%  for  all  causes. 

The  fifth  chamber  is  the  exit  chamber,  which 
is  used  as  an  exit  "air  lock"  so  that  finished 
components  can  be  extracted  without  exposing  the 
rest  of  the  system  to  the  atmosphere. 

Figures  2,  3  and  4  are  various  views  of  the 
system  hardware  during  construction.  Figure  5 
shows  the  transport.  The  latter  utilizes  a  com¬ 
mercial  stainless  steel  conveyor  belt  in  the  for¬ 
mat  of  35rmi  motion  picture  film.  The  drive  sproc¬ 
ket  wheels  are  standard  commercial  components.  All 
drive  and  idler  shafts  are  supported  by  molybdenum- 
disulfide  coated  ball  bearings,  providing  for  long¬ 
term  continuous  operation  below  10*8  torr  pressure 
and  at  300°C  temperature  Several  conmercial  molyb¬ 
denum-disulfide  coated  journal  bearings  failed  in 
the  magnetic  rotary  feedthrough  that  drives  the 
transport.  When  the  journal  bearings  were  re¬ 
placed  by  ball  bearings  in  these  devices,  no  fur¬ 
ther  failures  occurred. 

The  parts  tray  engages  the  center  holes  in 
the  conveyor  belt  for  positive  locationing.  The 


trays  are  10  inches  long,  they  easily  traverse  the 
3-inch  gaps  between  adjacent  transports  at  the  gate 
valves.  Figure  6  shows  the  transfer  of  the  parts 
tray  through  the  gate  valve  "gap". 

Figures  7  and  8  show  the  parts  tray  with  move- 
able  separators.  As  the  ramrod  moves  the  push 
block,  the  flatpack  components  form  a  solid  stack, 
and  the  frame/lid  separators  retract  into  the  rails 
Two  hooks  on  the  tray  are  used  to  engage  the  Mani¬ 
pulator  Tee  Bar. 

Figure  9  shows  a  schematic  diagram  of  the 
manipulator.  It  contains  three  metal  bellows  and 
a  sealed  ball  joint.  Five  degrees  of  freedom  are 
obtained  with  this  device.  Atmospheric  pressure 
loading  on  the  bellows  is  eliminated  by  rough 
pumping  the  inner  sealed  region  of  the  bellows; 
this  permits  direct  manual  operation  of  the  mani¬ 
pulators. 

Figure  10  shows  the  actual  manipulator  with 
forceps  that  are  used  to  move  crystal  frames.  A 
Tee  Bar  substituted  for  the  forceps  is  used  to 
transport  parts  trays  into  the  sealing  chamber 
oven. 

Figure  11  shows  the  schematic  diagram  of  the 
nozzle  beam  source.  It  contains  two  chambers:  the 
source  and  collimation  chambers.  The  source  cham¬ 
ber  contains  gold  in  liquid  and  vapor  phases  at 
near  equilibrium.  The  collimation  chamber  is  at 
relatively  high  vacuum  and  it  contains  liquid  gold 
at  the  bottom.  The  gold  pools  of  the  two  chambers 
are  interconnected  by  a  passageway.  The  two  cham¬ 
bers  are  also  connected  by  an  aperture  of  diameter 
d0.  The  skimmer,  aperture  d-|  is  used  to  trim  the 
nozzle  beam  to  the  desired  size. 

The  expressions  for  supersonic  free  jet  flow 
through  the  source  aperture,  and  centerline  in¬ 
tensity,  are  shown  on  Figure  11.  From  these  re¬ 
lations  it  can  be  calculated  that  at  about  2360°C 
source  chamber  temperature,  a  l/2mm  aperture  is 
capable  of  producing  a  gold  beam  of  about  2000  8/ 
min  deposition  rate  at  14cm  "throw"  distance.  The 
pressure  in  the  source  tube  at  this  temperature  is 
about  40mm  of  Hg. 

Figure  12  shows  the  schematic  diagram  of  the 
device  that  was  developed.  It  is  about  7.5cm  long 
and  2cm  in  diameter,  shown  without  the  radiation 
shields.  The  body  of  the  crucible  is  made  of 
graphite,  this  material  does  not  react  with  liquid 
gold,  and  it  does  not  crack  with  repeated  tem¬ 
perature  cycling  between  2400°  and  20°C. 

The  source  chamber  is  a  tubular  piece  of  gra¬ 
phite,  electrically  heated,  with  a  tungsten  wick 
mounted  at  the  center.  The  wick  feeds  the  liquid 
gold  into  the  heat  zone  by  surface  tension  forces, 
and  provides  a  relatively  large  surface  area  for 
vaporization.  Using  a  sharp  VEE  aperture  of  20mil 
diameter,  an  output  cone  of  about  24°  included 
angle  was  observed.  A  tungsten  skimmer  aperture 
plate,  with  a  0.076cm  aperture  is  used  to  trim  the 
beam  to  approximately  2  1/2°  divergence;  the  excess 
gold  is  condensed  on  the  skimmer  anJ  it  is  returned 
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to  the  gold  reservoir. 

Figure  13  shows  an  X-ray  picture  of  an  actual 
device  with  the  gold  reservoir,  tungsten  wick,  and 
skimmer  aperture  clearly  visible.  The  first  two 
sources  installed  into  the  plating  chamber  have 
accumulated  over  1100  hours  of  operating  time  each 
and  beamed  about  2  1/2  ounces  of  gold  each.  To 
date,  they  are  still  operating  perfectly.  The  act¬ 
ual  device  with  the  skimmer  aperture  at  the  front 
is  shown  in  Figure  14,  the  source  tube,  tungsten 
wick,  and  two  skimmer  aperture  plates  in  Figure  15. 
The  sources  are  enclosed  in  a  water  cooled  envel¬ 
ope,  so  that  heat  transfer  into  the  chamber  is  min¬ 
imized. 

The  actual  mgasured  output  at  14cm  of  target 
distance  was  400  A/min  at  about  400  W  power  input 
to  the  source  tube.  The  skimmer  aperture  effici¬ 
ency  was  measured  to  be  abou't  30%. 

„  At  power  inputs  corresponding  to  about  100 
A/min  deposition  rates,  for  final  plating,  batches 
of  20  MHz  resonators  (C^  =  12fF)  had  a  yield  of 
90%  for  10  ppm  deviation  through  sealing,  with  the 
uncertainties  in  tfie  actual  temperature  of  the  res¬ 
onator  during  final  plating  believed  to  be  the  ma¬ 
jor  cause  of  the  observed  deviations.  This  aspect 
is  being  improved. 
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Conclusions 


The  present  state  of  development  of  the  sys¬ 
tem  is  illustrated  by  the  following: 

1.  The  entire  system  was  operated  for  several 
weeks  at  a  "system  check  out"  production  rate  of 
10  units  per  day  without  any  mechanical  failures. 

2.  The  best  pressures  obtained  so  far  in  the  bak¬ 
ing  and  sealing  chambers,  with  the  trays  at  300°C, 
are  5  X  10~8  torr.  The  major  component  of  the  re¬ 
sidual  gases  is  water. 

3.  The  best  pressure  to  date  in  the  plating  cham¬ 
ber,  during  plating  is  5  X  10'7  torr;  this  pressure 
is  improving  with  operating  the  sources.  The  major 
component  of  the  residual  gases  is  water. 

4.  Plating-to-frequency  yields  of  90%  are  typical 
for  lOppm  deviation,  and  about  50%  for  5ppm  devia¬ 
tion  (20  MHz  fundamental  resonators). 

5.  The  sealing  yield  for  several  hundred  units  was 
83%  for  all  causes.  The  causes  include  ceramic 
part,  metallizing  and  gasket  defects. 

Work  on  the  system  continues  toward  the  200 
unit/8  hour  day  objective  with  no  major  obstacles 
apparent. 
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Abstract 

Until  recently,  fundamental  mode  quartz 
oscillator  crystals  were  not  available  in  the  300- 
400  MHz  range.  This  paper  describes  the  fabrica¬ 
tion  and  packaging  of  (1)  high  Q  resonators,  and 
(2)  a  hybrid,  hermetically  sealed,  400  MHz  SAW 
oscillator.  Because  of  high  sensitivity  to  sur¬ 
face  effects,  which  are  Inherent  in  SAW  resonator 
devices,  both  organic  and  inorganic  surface  con¬ 
tamination  play  a  critical  role  in  overall  device 
performance.  Cleaning  procedures  for  quartz  were 
investigated  using  SAW  resonators  as  process  moni¬ 
tors.  The  results  of  these  studies  provided  an 
accurate  and  quantitative  measure  of  the  step  by 
step  process.  Our  objective  was  to  evaluate  the 
effect  of  hybrid  fabrication  processes  on  SAW 
oscillators  and  to  fabricate  a  completely  hybrid 
400  MHz  oscillator  in  a  common  enclosure.  Meas¬ 
urement  techniques  were  developed  to  evaluate 
resonator  stability  before  being  placed  in  an 
oscillator  circuit.  The  results  of  these  measure¬ 
ments  Indicate  that  much  of  the  instability  in  SAW 
oscillators  is  due  to  component.,  other  than  the 
SAW  crystal. 

1.0  Introduction 

During  the  1980' s  and  beyond,  there  will  be  a 
need  for  low  noioe,  low  cost  oscillator  circuitry 
in  high  frequency  communications  systems,  such  as 
JTIDS,  packet  radio,  GPS,  as  well  as  In  commercial 
satellite  communication  systems.  Until  recently, 
fundamental  mode  quartz  oscillator  crystals  were 
not  available  in  the  400  MHz  frequency  range. 

This  paper  describes  the  fabrication  and  packaging 
of  high  0  resonators,  and  a  hermetically  sealed 
400  MHz  oscillator. 

In  this  paper,  the  major  process  steps  asso¬ 
ciated  with  high  0  SAW  resonator  fabrication  are 
dtscussed.  Results  of  chemical  cleaning  as  well 
as  gas  loading  and  stress  effects  are  shown. 

Hybrid  oscillator  packaging  and  overall  oscillator 
performance  in  terms  of  herweticity,  and  frequency 
stability  are  discussed. 

2.0  Resonators 

The  main  attraction  of  SAW  chip  elements, 
relative  to  bulk  acoustic  devices,  is  chat  the 
signal  is  propagated  cn  one  polished  surface  of  a 
piezoelectric  substrate. 1  The  equipment  and  fa¬ 


brication  techniques  used  for  hybrid  SAW  oscil¬ 
lators  is  essentially  the  same  as  that  used  in 
microwave  thin  film  technology.  By  use  of  care¬ 
fully  controlled  photolithographic  procedures  we 
have  been  able  to  produce  SAW  resonator  chips  in 
the  400  MHz  frequency  range.  After  cleaning  and 
photoresist  applications,  the  aluminum  interdigi¬ 
tal  electrode  pattern  was  delineated  by  using  a 
standard  contact  printing  and  etching  process. 
Careful  control  of  the  line-to-gap  ratio  and  alu¬ 
minum  thickness,  resulted  in  a  reproducible  fre¬ 
quency  from  run  to  run.  Following  this  step, 
wafers  containing  approximately  50  patterns  were 
diced  into  individual  chips  and  then  tested  with 
on  rf  probe  and  a  phase  locked  network  analyzer. 

A  three  point  measurement  techn'que  was  used  to 
determine  resonant  frequency,  resistance  and  reso¬ 
nator  Q.  Tire  typical  SAW  resonator  filter  re¬ 
sponse,  illustrated  in  Fig.  1,  is  attributed  to 
the  interaction  of  the  two  transducers,  which 
gives  additional  filtering,  and  sharply  reduces 
harmonic  content.  Figure  2  shows  a  SAW  resonator 
equivalent  circuit  and  experimental  parameters  for 
a  typical  de/ice.  The  equivalent  circuit  contains 
a  static  parallel  capacitance,  CQ,  motional  induc¬ 
tance,  Lj,  motional  capacitance,  Cj,  and  motional 
resistance,  Rj.  Tire  complex  polar  impedence  shows 
that  a  SAW  resonator  obeys  a  classical  circular 
resonance  with  the  exception  of  a  spurious  mode. 
Typical  parameters  for  a  SAW  oscillator  crystal  at 
400  MHz  are  Rj  -  500,  Q  -  20,000,  and  CQ  »  2  pf. 

Because  of  the  high  sensitivity  to  surface 
effects  which  are  Inherent  in  SAW  resonator  de¬ 
vices,  both  organic  and  inorganic  surface  contami¬ 
nation  play  a  critical  role  in  overall  device  per¬ 
formance.  Cleaning  procedures  for  quartz  were  in¬ 
vestigated  using  SAW  resonators  as  process  moni¬ 
tors.  The  results  of  these  studies  provide  an  ac¬ 
curate  and  quantitative  measure  of  the  step  by 
step  process.  To  show  the  need  and  importance  of 
quality  control,  the  chart  in  Fig.  3  gives  an 
overview  of  the  entire  process.  It  illustrates 
the  need  for  precise  and  repeatable  rf  probe 
testing  to  achieve  desired  results. 

3.0  Chemical  Effects 

The  Increased  demands  on  performance  and  re¬ 
liability  of  SAW  devices  and  microcircuits  In  re¬ 
cent  years  have  required  the  development  of  im¬ 
proved  processing  techniques.  When  surface  con¬ 
tamination  is  minimized  or  removed,  device 
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stability,  reproducibility  of  performance  and  lifetime 
are  greatly  improved.  To  achieve  this  goal  it  is 
important  to  determine  the  effects  of  cleaning  and 
chemical  processing.  One  unexpected  chemical  result 
occurred  with  the  use  of  heated  resist  stripper. 
Typical  results  of  devices  repeatedly  cleaned  in 
resist  stripper  are  shown  in  Fig.  4.  When  surface 
contamination  vzz  reduced  the  operating  frequency 
increases  due  ~o  a  decrease  in  mass  loading.  The 
chart  shows  a  50  KH_  frequency  increase  during  the 
first  minute  of  submersion.  Very  little  cleaning 
effect  occurred  in  the  next  two  min.  After  measuring 
the  A1  electrode  thickness  with  a  surface  profiler, 
the  last  two  nrn  in  the  stripper  had  etched  off  30  A 
of  aluminum.  Plasma  etching  of  the  quartz  is  very 
important  in  our  process.  Although  we  utilize  an  all 
aluminum  system,  small  amounts  of  contamination  are 
unavoidable.  This  is  verified  by  etching  the  reso¬ 
nator  chip  in  diluted  nitric  acid.  The  result  was 
typically  a  5-10  KHz  frequency  increase.  The  use  of 
trichloroechane  with  quartz  is  undesirable  because  of 
large  amounts  of  residue.  It  is  especially  serious 
when  heated  since  decomposition  of  the  stabilizer  in 
the  solvent  is  known  to  occur. 

4.0  Polyiaide  Die  Attachment 

Die  attachment  of  SAW  chips  to  hybrid  ceramic 
substrates  has  been  a  primary  concern.  Die  attachment 
for  the  SAM  chip  elements  were  accomplished  by  using 
Ablestik  71-14  polyinide  compound.  This  epoxy  was 
chosen  because  of  its  low  outgassing  qualities  when 
cured  at  the  recommended  temperatures  supplied  by 
Ablestik' s  outgassing  charts.3 

5.0  Gas  Loading  and  Stress  Effects 


Gas  loading  and  stress  must  be  fully  understood 
if  frequency  drift  is  to  be  minimized.  Experiments 
were  performed  utilizing  three  different  SAW  resonator 
mounting  methods.  The  purpose  of  this  experiment  was 
to  determine  which  mounting  scheme  produced  the  least 
amount  of  frequency  drift.  The  devices  were  placed  in 
a  50-0  test  fixture  in  a  vacuum  system.  Transmission 
measurements  were  made  through  the  resonantor  trans¬ 
ducer,  and  the  zero  degree  phase  crossing  point  at 
device  resonance  was  tracked  by  means  of  a  phase 
locked  loop  (Fig.  5). 

The  three  different  mounting  te'  hniques  are  shown 
in  Fig.  6. 
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Fig.  4  Chemical  Effects 


Fig.  6  Effects  of  gas  loading  and  stress 
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STABILITY  OF  PHASE  SHIFT  ON  QUARTZ  SAW  DEVICES 


T.  E.  Parker  and  D.  L.  Lee 
Raytheon  Research  Division 
Waltham,  Massachusetts  02154 


Summary 

The  stability  of  phase  shift  on  surface  acoustic 
wave  (SAW)  devices  is  important  because  it  deter¬ 
mines  the  stability  of  frequency  control  devices  and 
the  location  of  the  passband  in  filters.  Several 
factors  affect  phase  shift  stability,  and  fluctuations 
may  occur  on  time  scales  ranging  from  milliseconds 
to  months.  New  results  involving  two  types  of 
phase  variation  will  be  discussed 

Recently  it  has  been  observed  that  short  period 
(T  <  1  sec)  fluctuations  occur  in  SAW  delay  lines 
fabricated  on  ST-cut  quartz.  These  fluctuations 
are  the  dominant  source  of  close-to-carr.ar  FM  noise 
in  SAW  controlled  oscillator.  Unexpectedly  it  has 
been  observed  that  very  clean  devices  prepared  for 
low  aging  exhibit  the  highest  FM  noise  levels,  and 
devices  with  very  thin  surface  layers  of  silicone 
material  show  the  lowest  noise  levels.  As  a  conse¬ 
quence  of  the  fact  that  the  SAW  device  itself  is  the 
dominant  source  of  close-to-carrier  noise,  a  modi¬ 
fied  expression  for  calculating  the  FM  noise  power 
spectrum  is  presented. 


Ona  longer  time  scale  (T  %  minutes),  the  tem¬ 
perature  dependence  of  the  SAW  velocity  is  the 
dominant  source  of  variations  in  phase  shift.  New 
interest  in  the  temperature  dependence  of  various 
cuts  of  quartz  was  stimulated  by  Hauden  et  al. 
with  the  prediction  that  a  doubly  rotated  cut  ex¬ 
ists  which  has  both  a  zero  first  order  and  second- 
order  temperature  coefficient.  However,  recent 
measurements  on  a  device  made  with  this  cut 
show  a  second-order  temperature  coefficient  only 
20  percent  smaller  than  that  of  ST-cut  quartz.  A 
theoretical  capability  for  calculating  first  -  and 
second-order  temperature  coefficients  has  been  de¬ 
veloped,  and  these  calculations  support  our  experi¬ 
mental  results  on  the  doubly  rotated  cut  of  Hauden, 
A  comparison  between  theory  and  experiment  is 
presented  for  fourteen  different  cuts  and/or  pro¬ 
pagation  directions. 


Introduction 


The  stability  of  phase  shift  (time  delay)  of  a 
SAW  device  is  an  important  parameter  since  it  de¬ 
termines  the  stability  of  frequency  control  devices 
and  affects  the  cemer  frequency  of  narrow-band 
filters  such  as  SAW  resonators.  Fluctuations  in 


phase  shift  can  occur  on  time  scales  ranging  from 
milliseconds  to  months,  and  may  reflect  several  dif¬ 
ferent  physical  mechanisms.  Recent  results  from 
investigations  into  phase  shift  stability  have  pro¬ 
vided  new  information  about  two  different  phenomena 
which  result  in  variations  in  the  phase  shift  of  quartz 
SAW  devices.  On  a  time  scale  of  less  than  a  second, 
SAW  delay  lines  have  been  found  to  be  the  dominant 
source  of  1/f  phase  noise  in  SAW  controlled  oscilla¬ 
tors.  In  particular,  delay  lines  which  have  been 
thoroughly  cleaned  and  hermetically  sealed  have  been 
found  to  have  the  highest  noise  levels.  Results  of 
an  investigation  of  1/f  phase  noise  are  presented  in 
the  first  section  of  this  report.  In  the  second  sec¬ 
tion,  new  results  on  temperature  dependence  will  be 
discussed.  Great  interest  was  stimulated  in  this 
area  by  the  prediction  of  Hauden  et  al.1  that  there 
are  several  doubly  rotated  cuts  of  quartz  that  have 
a  zero  second-order  temperature  coefficient  as  well 
as  a  zero  first-order  coefficient.  We  have  investi¬ 
gated  one  cut  both  theoretically  and  experimentally, 
and  found  the  second-order  coefficient  to  be  only 
20  percent  smaller  than  that  of  ST-cut  quartz.  A 
theoretical  analysis  of  the  other  cuts  also  showed 
relatively  large  second-order  coefficients.  To  sup¬ 
port  our  theoretical  calculations,  we  have  compared 
predicted  and  observed  temperature  dependence  at 
fourteen  different  cuts  and/or  propagation  direc¬ 
tions  and  have  achieved  reasonably  good  agreement. 


1/f  Phase  Noise  in  SAW  Delay  Lines 

A  significant  advantage  of  SAW  controlled  oscil¬ 
lators  over  other  high  frequency  sources  is  the  very 
low  FM  noise  level  which  can  be  obtained.  For  this 
reason,  extensive  measurements  of  the  single  side¬ 
band  FM  noise  power  spectrum  (phase  noise)  have 
beep  made  on  numerous  delay  line-type  SAW  con¬ 
trolled  oscillators.  Through  the  course  of  these 
measurements,  it  was  observed  that  some  of  the  oscil¬ 
lators  were  noisier  than  others,  and  it  was  quickly 
established  that  the  SAW  delay  lines  were  the  source 
of  the  noise.  Figure  la  shows  the  single  sideband 
phase  noise  spectral  density,  S*(fm) /2 ,  for  two  open 
loop  SAW  oscillators.  By  open  loop,  it  is  meant  that 
the  feedback  path  has  been  opened  and  that  the  cir¬ 
cuit  is  not  oscillating,  and  consists  simply  of  a  SAW  de¬ 
lay  line  in  series  with  an  amplifier.  The  phase  noise 
spectral  density  of  this  circuit  is  obtained  from  the 
phase  fluctuations,  A<J>,  measured  as  a  function  of 
modulation  or  offset  frequency .  fm ,  on  a  signal  which 
is  passed  through  the  circuit. ‘  The  relation 
(Ai>)z  =  SA(fm)  has  been  used,  where  (A<j>)2  is  nor¬ 
malized  to  a  1  Hz  bandwidth.  Figure  la  shows  the 
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noise  from  two  open  loop  delay  line  oscillators  and 
the  l/fra  dependence  of  the  close-to-carrier  noise 
is  clearly  .-een.  T  .~*i  l/fm  noise  is  commonly 
called  "flicker"  or  "excess"  noise.  The  l/fm  noise 
level  is  nearly  10  dB  lower  on  one  of  the  delay 
line  oscillators,  while  the  far-out  noise  levels 
(fm  >  30  KHz)  are  nearly  the  same.  This  is  to  be 
expected  since  the  far-out  noise  level  is  deter¬ 
mined  by  amplifier  parameters  such  as  gain,  G, 
noise  figure,  F,  carrier  power,  Pc,  and  thermal 
noise,  kT.  The  far-out  noise  level  is  given  by  the 
expression  S9(fm)/2  -  l(GFkT)/Pc]  which  is  inde¬ 
pendent  of  and  for  both  oscillators  in  Fig.  la 
has  a  calculated  value  of  -161  dB.  Notice  in 
Fig.  la  that,  when  the  SAW  delay  line  is  replaced 
by  a  20  dB  attenuator  (delay  line  insertion  loss  \ 

20  dB),  the  noise  level  remains  flat  to  fm  <  400  Hz. 
Clearly  the  SAW  devices  are  the  source  of  the 
l/fm  noise. 

Figure  lb  shows  the  single  sideband  phase 
noise  spectral  density  for  two  oscillators  (not  the 
same  ones  as  in  Fig.  la)  which  are  operating  closed 
loop.  With  the  loop  closed,  the  circuit  oscillates. 
However,  phase  fluctuations  in  the  circuit  compo¬ 
nents  of  frequency  <  l/(2irx)  cause  frequency 
modulation  of  the  oscillator.  Here,  t  is  the  group 
delay  (d^/doi)  of  the  SAW  device.  Consequently, 
the  phase  noise  of  the  oscillator  takes  on  an  addi¬ 
tional  l/(fm2i2)  dependence  in  the  region  fm  < 
1/(2tit).  Thus  a  l/fra2  dependence  is  observed  in 
the  region  fm  <  fT  and  fm  >  fa,  where  fT  =  1/(2tit) 
and  fa  equals  the  frequency  at  which  the  flicker 
noise  begins  to  dominate  (see  Fig.  lb).  Below  fm= 
fa  ,  a  l/fm3  dependence  is  observed  while  for 
fm  >  fx  (fx  *  100  KHz  in  this  case),  the  spectral 
density  is  flat. 

The  l/fm  noise  observed  in  the  open  loop  cir¬ 
cuits  clearly  manifests  itself  as  l/fm3  noise  for  the 
closed  loop  oscillators.  Thus  we  will  refer  to  the 
l/fm3  region  as  flicker  noise.  A  surprising  factor 
of  the  flicker  noise  is  that  the  highest  levels  were 
observed  on  delay  lines  that  were  thoroughly 
cleaned  and  hermetically  sealed  (for  aging  studies). 
Devices  left  unsealed  were  usually  quieter.  Further¬ 
more,  devices  with  the  quartz  substrates  mounted 
with  RTV  (Dow-Corning  3145,  clear)  were  by  far 
the  quietest.  RTV  was  not  used  with  sealed  de¬ 
vices  because  silicone  rubber  outgasses  for  an  ex¬ 
tended  period  of  time  and  causes  excessive  aging. 

To  determine  what  aspect  of  the  RTV  mounting  was 
responsible  for  the  reduced  flicker  noise  level,  a 
mechanically  mounted  (.010"  gold  wire  straps),  403 
MHz  delay  line  was  measured,  and  then  the  mechani¬ 
cal  mount  was  replaced  by  RTV.  After  allowing  one 
hour  for  the  RTV  to  set  up,  the  noise  measurement 
was  repeated.  Figure  2  shows  the  single  sideband 
phase  noise  level  at  fm  =  100  Hz  for  this  device. 
(From  Fig.  1  it  is  clear  that  the  noise  at  fm  =  100 
Hz  is  well  into  the  flicker  noise  region.)  One  hour 
after  mounting  with  the  RTV,  the  noise  level  had 
dropped  by  almost  l  dB,  and  by  three  days  it  was 
down  by  more  th'.i  6  dB.  No  further  decrease  was 
observed  by  the  seventh  day.  However,  after 
storing  the  device  at  90°C  for  16  hours,  a  further 
drop  of  4  dB  was  observed,  as  measured  at  room 
temperature.  Further  baking  produced  no  addi¬ 
tional  decrease.  The  same  type  of  decrease  in  noise 


level  was  also  observed  when  a  mechanical  mocu-.t 
was  used  and  a  small  amount  of  RTV  was  simply 
placed  inside  the  SAW  package.  Furthermore ,  the 
noise  level  could  be  restored  to  its  original  value  by 
cleaning  the  SAW  substrate  with  ultraviolet  light. 

From  these  experiments  it  is  clear  that  some 
volatile  component  of  the  RTV  is  affecting  the  sur¬ 
face  of  the  quartz  substrate.  Methanol  is  given  off 
by  the  RTV,  but  rinsing  with  methanol  alone  had 
no  effect,  it  therefore  appears  that  volatile  silicones 
are  responsible  for  the  flicker  noise  reduction  since 
surface  treatment  with  other  silicone  materials  also 
produces  a  similar  noise  reduction.  The  mechanism 
by  which  the  silicone  material  reduces  the  flicker 
noise  level  is  not  fully  understood  at  this  time,  but 
it  is  felt  that  it  is  related  to  surface  passivation  of 
the  transducer  metal  in  a  manner  similar  to  that 
which  occurs  on  semiconductor  devices, 

3 

Equation  (1)  (from  Leeson's  work  on  bulk  wave 
oscillators)  has  been  successfully  used  to  predict  the 
phase  noise  spectral  density  for  SAW  oscillators.^-® 


I^i  .ui* 

l  PC  JdBc  1  c  K(u-  )  1 


9  2 


where  M  in  =  2nfm  and  u>  a  =  2irfa  and  is  an  experi¬ 
mentally  determined  flicker  noise  parameter.  Equa¬ 
tion  (1)  is  perfectly  valid  even  though  the  SAW 
device  is  the  source  of  the  flicker  noise,  but  its 
form  is  somewhat  misleading.  In  Eq.  (1),  ..  a  is  not 
a  device  constant,  but  is  also  a  function  of  the 
amplifier  parameters.  A  more  convenient  form  is 
shown  in  Eq.  (2), 


~  =  io  log 

*c 


where  ^  is  an  experimentally  determined  flicker  noise 
constant  that  is  dependent  only  on  the  SAW  sub¬ 
strate.  From  Eqs.  (1)  and  (2),  it  is  clear  that 

wa=  t(«Pc>/GFkTl- 

To  demonstrate  that  a  is  independent  of  the 
amplifier  parameters,  flicker  noise  measurements 
were  made  on  the  same  SAW  delay  line  but  with  seve¬ 
ral  different  amplifier  configurations.  Figure  3  shows 
the  phase  noise  level  at  fm  =  100  Hz,  for  four  dif¬ 
ferent  values  of  the  parameter  (GFkT/Pc).  Though 
there  is  some  scatter  to  the  data  (possibly  due  to 
varied  impedance  conditions) ,  the  flicker  noise  level 
is  clearly  independent  of  (GFkT/Pc).  The  solid  line 
shows  how  the  noise  level  would  vary  if  it  were  pro¬ 
portional  to  the  term  (GFkT/Pc). 


Temperature  Dependence 

The  fractional  change  in  delay  time  with  tempera¬ 
ture  for  a  surface  acoustic  wave  is  a  function  of  two 
mechanisms,  fractional  changes  in  path  length  and 
fractional  changes  in  velocity.  Path  length  changes 
are  directly  available  from  expansion  coefficients,  but 
velocity  changes  must  be  calculated  by  computer. 
Calculation  of  SAW  velocity  is  facilitated  by  ust  of 
th  Christoffel  wave  equations  which  describe  the 
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In  Group  A,  the  SAW  chip  was  die-attached  to  a 
rO-5  header  with  the  polyimide  previously  mentioned. 
Devices  in  Group  B  were  attached  to  an  alumina  sub¬ 
strate  and  then  to  the  header  with  both  attacheaents 
using  the  polyioide  compound.  In  Group  C  the  devices 
were  not  die  attached.  They  were  held  in  place  by  the 
strength  of  the  two  wire  bonds  (Fig.  6).  There  are 
two  sets  of  data  for  the  three  different  groups 
(Fig.  7),  First  the  devices  were  tested  unsealed  in 
the  vacuum  system.  Next  the  devices  were  hermetically 
sealed  and  retested  in  the  vacuum  system.  The  se¬ 
quence  of  operation  is  as  follows:  one  minute  in  high 
vacuum,  vented  to  atmosphere  and  held  there  for  one 
and  a  half  minutes,  and  then  mechanically  pumped  to  50 
microns,  switching  to  high  vacuum  and  repeating  the 
cycle.  The  dotted  line  shows  frequency  drift  pri¬ 
marily  due  to  gas  loading.  When  the  resonator  package 
in  Group  A  was  sealed,  the  resulLs  show  over  2  ppm 
frequency  drift  due  to  stress  effects  of  the  crystal 
mounting.  The  results  of  Group  B  for  sealed  devices, 
show  only  one  quarter  ppm  frequency  drift  due  to 
stress.  The  reason  for  this  small  change  is  the  use 
of  a  ceramic  alumina  substrate  between  the  SAW  and  the 
package.  The  thermal  expansion  of  the  quartz  is  close 
to  that  of  the  alumina  substrate. 


6.0  Packaging 

The  hybrid  microcircuit  is  a  complex  network  of 
interconnected  components  and  dissimilar  materials. 

In  addition  to  epoxy  outgassing  mentioned  previously, 
moisture  content  Is  of  paramount  importance.  Moisture 
will  adversely  affect  the  yield,  performance,  aging, 
and  reliability  of  the  sealed  hybrid  enclosure. 

Failure  modes  associated  with  moisture  include  param¬ 
eter  drift,  wire  bond  and  metallization  coriosion  and 
electro-chemical  migration  of  metals.  All  of  these 
effects  justify  the  importance  of  knowing  and  con¬ 
trolling  the  internal  package  ambient  condition. 

The  hermetic  leak  rates  for  the  resonator  pack¬ 
ages  described  here  are  in  the  range  of  2  to  3  x  10“  J 
Torr  (ATM  cc/sec  He).  If  a  stable,  contaminant  free 
environment  is  to  be  maintained  for  a  long  period  of 
time,  leak  rates  of  2  to  3  x  10-y  are  necessary. 

Because  of  low  outgassing  and  controlled  thermal 
spreading,  capacitive  resistance  welding  was  chosen. 
Packages  were  placed  in  a  vacuum  oven  for  a  minimum  of 
8  hours  to  bake  off  as  ouch  accumulated  moisture  as 
possible.  After  the  bake  cycle,  the  package  was 
transferred  through  a  moisture  monitored  N2  atmosphere 
to  the  weld  chamber  where  the  unit  is  evacuated  to 
2  x  10“'  Tore.  Once  the  resistance  weld  is  completed, 
the  package  is  removed  from  the  weld  chamber.  The 
sealed  device  is  immediately  tested  for  leak  rate,  Q 
and  frequency  to  determine  the  weld  seal  quality.  In 
going  from  air  to  a  vacuum  seal,  the  device  Q  in¬ 
creases  by  25  to  30%  at  400  MHz. 

7.0  SAW  Oscillator  -  Experimental  Results 

The  achievement  of  high  Q  and  a  good  Inductive 
reactance  in  SAW  resonator  crystals,  enables  many 
types  of  oscillator  circuits  to  be  considered.  A 
study  was  made  of  the  following  types:  Clapp, 

Colpitts,  Pierce,  and  impedance  inverting  or  negative 
resistance  types.  Of  these  the  Pierce,  shown  in 
Fig.  8,  had  the  highest  frequency  stability  with  mod¬ 
erate  power  output.  In  addition,  this  circuit  was  the 
simplest  in  terras  of  design  and  hybrid  fabrication. 


SAY  Crystal 


Fig.  7  Gas  loading  and  stress  effects 
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Fig.  8  Pierce  oscillator  circuit  used 
with  SAW  oscillator  crystals. 


Frequency  stability  for  these  oscillators  was 
compared  with  various  types  of  conventional  system 
references,  i.e.,  multiplier  chains  and  PLLs,  based  on 
a  5  MHz  reference  oscillator.  Frequency  stability  was 
measured  in  the  frequency  and  time  domains  using  an  HP 
5390  stability  analyzer.  Both  the  SAW  oscillator  and 
PLL  were  analyzed  against  an  HP  8660C  frequency  syn¬ 
thesizer.  Typical  results  of  this  comparison  for 
phase  noise  are  shown  in  Fig.  9.  The  phase  noise  of 
the  SAW  oscillator  in  this  case  was  better  than  the 
PLL  beyond  10  Hz  from  the  carrier  because  of  the 
higher  loop  Q  of  the  SAW  oscillator.  Below  10  Hz,  the 
SAW  oscillator  showed  somewhat  higher  noise  due  to 
temperature  fluctuations  since  the  SAW  was  not 
ovenized  in  this  case. 


Fig.  9  Comparative  phase  noise  of  a  375  MHz  PLL, 
locked  to  a  5  MHz  crystal  standard,  vs 
fundamental  mode  SAW  crystal  oscillator 
at  375  MHz. 


8.0  Conclusion 

Fundamental  mode  oscillator  crystals  with  Q  and 
impedance  values  commensurate  with  low-frequency 
crystals  enable  the  fabrication  of  high-stability 
oscillators  in  the  300-400  MHz  range.  The  phase  noise 
of  these  oscillators  is  considerably  lower  than 
conventional  system  clocks  and  reference  oscillators 
in  this  frequency  range.  The  progress  of  SAW 
resonators  and  oscillators  will  advance  with 
improvements  in  clean  processing,  stress  relieved 
mounting  and  more  ideal  package  enclosures.  In 
addition,  SAW  technology  enables  thin  film  hybrid 
fabrication  techniques  to  be  applied;  this  results  in 
overall  size  and  weight  reductions.  These  new 
oscillators  will  be  useful  wherever  low-noise,  low- 
cost  frequency  sources  are  required. 
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motion  of  acoustic  plane  waves  in  terms  of  the 
temperature-dependent  elastic,  piezoelectric,  di¬ 
electric,  and  mass-density  constants.  Application 
of  appropriate  mechanical  and  electrical  boundary 
conditions  of  the  surface  of  a  piezoelectric  half¬ 
space  couples  plane  wave  solutions  together  and 
in  general  leads  to  a  solution  which  represents  a 
SAW  propagating  at  a  velocity  determined  by  the 
substrate  material  constants. 

In  order  to  calculate  temperature  dependence 
of  velocity,  it  is  necessary  to  specify  accurately 
the  variation  of  all  material  constants  with  tem¬ 
perature.  This  temperature  dependence  can  be 
described  in  an  organized  manner  by  expanding 
each  material  constant  in  a  Taylor  series  about  a 
given  temperature.  The  coefficients  of  the  vari¬ 
ous  powers  of  the  temperature  in  the  series  ex¬ 
pansion  have  been  determined  experimentally  by 
several  authors,  with  the  largest  variation  in  meas¬ 
ured  values  being  for  the  elastic  stiffness  con¬ 
stants.  6*  9  We  have  found  that  the  most  recent 
data  of  Bechmann  and  Ballato, 8  modified  in  such  a 
manner  as  to  be  consistent  with  the  Christoffel 
wave  formulation,  gave  reasonable  fit  with  experi¬ 
mental  data. 


Choice  of  Constants 


When  elastic  wave  propagation  in  a  piezoelectric 
medium  is  considered,  an  additional  piezoelectric 
stress  due  to  an  electric  field  E  must  be  included. 
As  a  result,  two  types  of  measurements  of  elastic 
constants,  those  made  at  either  constant  (zero) 
electric  field,  cE,  or  constant  (zero)  electric  dis¬ 
placement,  cD,  lead  to  slightly  different  values. 
Here  the  double  overbar  indicates  that  the  elastic 
constants  are  represented  in  abbreviated  indices 
notation  as  a  second  rank  tensor.  The  relation 
ship  between  the  two  sets  is  given  by10 


+  Ve 


% 


(3) 


where  and  ejj  are  the  dielectric  and  piezoelectric 
stress  tensors  respectively.  The  choice  of  which 
set  of  elastic  constants  is  to  be  used  for  a  given 
problem  is  purely  a  matter  of  whether  electric  field 
or  electric  displacement  is  chosen  as  the  indepen¬ 
dent  variable  in  representing  the  constitutive  rela¬ 
tions  for  the  piezoelectric  material. 


Because  the  Christoffel  wave  equation  is  for¬ 
mulated  using  constitutive  relations  in  which  elec¬ 
tric  field  and  electric  displacement  are  independent 
and  dependent  variables  respectively.,  it  is  theo¬ 
retically  consistent  to  use  values  of  cE  rather  than 
c^._  Though  Bechmann's  measurements  were  made 
for  cD,  in  principle,  given  the  temperature  coeffi¬ 
cients  of.  piezoelectric  stress  and  dielectric  con¬ 
stants,  cE  can  be  determined  from  cD.9  However, 
only  first-order  temperature  coefficients  of  piezo¬ 
electricity  have  been  published.11  These  are  suf¬ 
ficient,  however,  for  calculation  of  zero  and  first- 
Qrder  temperature  coefficients  of  elastic  constants, 
cE  and  TcE( ,  and  therefore  of  first-order  tem¬ 
perature  coefficient  of  delay. 


Using  the  "Campbell-Jones"  program  to  compute 
velocity  on  a  quartz  half-space}-  we  have  found  that 
calculations  of  first-order  tegiperaturq.  coefficients 
of  delay  (TCD)  made  using  c&  and  TcE(  11  are  in 
better  agreement  with  experimentally,  obtained  values 
than  those  obtained  using  c°  and  Tc1*111 ,  generally 
by  a  few  parts  per  million.  Further,  we  have  found 
that  our  values  for  first-order  TCD  are  extremely 
close  to  those  computed  by  Lewis  et  al.,1^  who 
averaged  values  of  elastic  constants  and  their_tem- 
perature  derivatives,  both  at  constant  E  and  D, 
from  several  authors.  The  improved  accuracy 
allowed  a  more  precise  estimate  of  those  crystal 
orientations  which  have  zero  first-order  TCD's  near 
or  at  room  temperature.  Further,  it  should  be 
noted  that  for  crystal  cuts  exhibiting  primarily  quad¬ 
ratic  temperature  dependence,  this  improved  accu¬ 
racy  translates  into  a  better  determination  of  turn¬ 
over  temperature.  As  an  example,  for  a  crystal 
orientation  with  a  second-order  TCD  comparable  to 
ST-cut  quartz,  an  error  of  0.7  ppm  in  computing 
the  first-order  TCD  amoun  s  to  about  a  10°C  error 
in  estimation  of  turnover  temperature.  Once  a  crys¬ 
tal  orientation  which  yields  zero  first-order  TCD 
has  been  determined  in  this  manner,  higher-order 
TCD's  are  calculated  using  values  of  TcDW  up  to 
third  order.  We  found  that  this  choice,  while  not 
theoretically  correct,  gaye  better_results  for  higher 
order  terms_than  usingj:E  and  TcE(!)  in  conjunc¬ 
tion  with  TcD(2)  and  Tc1)13)j  presumably  because, 
as  was  pointed  out  by  Lewis,1"1  only  the  first  choice 
maintains  the  required  symmetry  for  quartz  in  the 
basal  plane.  Table  I  lists  the  values  of  all  con¬ 
stants  used  in  our  computations. 


Results  of  Our  Measuremen is 


To  compare  our  theoretical  results  with  observed 
temperature  dependence,  measurements  were  made  on 
a  total  of  six  different  cuts  of  quartz,  including  one 
doubly  rotated  cut.  Experimental  results  of  Brown¬ 
ing111  on  two  rotated  X-cuts  were  also  used.  One  or 
more  transducer  orientations  were  investigated  on 
each  cut,  for  a  total  of  fourteen  different  configu¬ 
rations.  The  functions  of  the  angles  <)>,  0,  are 
shown  in  Fig.  4.  (The  1949  convention  for  quartz 
has  been  used  here  rather  than  the  1978  IEEE  con¬ 
vention.)  To  facilitate  comparison  between  theory 
and  experiment,  small  adjustments  were  arbitrarily 
made  to  either  psi  or  theta  in  our  theoretical  calcu 
lations  to  make  computed  turnover  temperatures 
coincide  with  experimentally  measured  values.  Our 
results  are  shown  in  Fig.  5(a-g).  In  no  case  was 
it  necessary  to  introduce  more  than  a  0.90°  angular 
difference  between  theoretical  values  and  experi¬ 
mentally  measured  angles.  In  all  cases  we  found  the 
theoretical  curvature  to  be  greater  than  or  equal  to 
values  measured  experimentally.  Table  2  indicates 
the  calculated  values  of  power  flow  angle,  Av/v,  and 
velocity  at  the  turnover  temperature  for  each  of  the 
cuts  investigated.  The  angles  shown  in  parentheses 
are  equivalent  by  symmetry  and  fall  within  the  re¬ 
duced  ranges  -60°  <  <j>  <.+60°,  0<  0  <+90°  and  0< 

<  +90°. 1 

It  is  significant  to  note  that  while  comparison 
between  experiment  and  theory  indicates  reasonable 
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agreement,  we  have  found  discrepancies  between 
our  own  work  and  some  of  the  theoretical  calcula¬ 
tions  presented  by  Hauden  on  loci  of  zero  first- , 
second-,  and  third-order  TCD. 

We  have  performed  a  check  of  theoretical  data 
presented  by  Hauden*  on  loci  of  zero  first-order 
TCD  in  (4>,  0)  space  for  constant  values  of  ijj,  and 
found  them  to  be  in  reasonable  agreement  (except 
iji  =  54°)  with  our  own  theoretical  predictions. 
However,  we  have  found  Hauden's  loci  of  zero 
second-order  TCD  to  be  drastically  in  error. 
Specifically,  we  have  investigated  theoretically  all 
four  cuts,  (<p,6,i/j)  =  (+56,  +39,  +27),  (+73,  +21, 
+27),  (-25,  +9,  +45),  (-8,  +66,  +54),  which  the 
author  specifies  in  his  curves  as  having  simul¬ 
taneously  zero  first-  and  second  order  TCD.  Our 
examination  consisted  of  computing  the  values  of 
second-order  TCD  within  a  shell  of  +5°  jn  $/9/t (i 
for  each  of  the  cuts  specified  by  Hauden.  The 
first  two  cuts  were  found  to  have  second-order 
TCD  comparable  to  ST-cut  within  the  entire  "shell." 
The  first  cut  was  also  checked  experimentally,  as 
shown  in  Fig.  5g,  and  is  in  reasonable  agreement 
with  our  calculations.  The  third  cut  listed  had  a 
zero  first-order  TCD  loci  displayed  somewhat  from 
Hauden's  predictions.  Again,  an  examination  of 
second-order  TCD  in  a  shell  about  this  region 
showed  no  zero  or  nearly  zero  second-order  TCD. 
Finally,  Hauden's  fourth  angle  was  totally  incorrect 
in  both  first-  and  second-order  TCD.  It  appears 
from  an  examination  of  his  loci  of  zero  first-, 
second- ,  and  third-order  TCD  for  i|i  =  54°  that 
this  particular  set  of  curves  may  have  been  mis¬ 
labeled. 


Conclusions 

Two  aspects  of  phase  shift  stability  on  quartz 
SAW  devices  have  been  investigated:  1/f  phase 
noise  dnd  temperature  dependence.  With  regard 
to  phase  noise,  it  has  been  observed  that  the  SAW 
device  is  the  largest  source  of  1/f  phase  noise  in 
a  SAW  oscillator.  Furthermore,  SAW  substrates 
that  have  been  thoroughly  cleaned  and  hermetically 
sealed  usually  have  the  highest  noise  levels.  How¬ 
ever,  the  noise  level  can  be  reduced  by  treating 
the  SAW  substrate  with  a  very  thin  layer  (a  few 
monolayers)  of  silicone  material. 

Temperature  stability,  including  second-  and 
third-order  dependence,  has  been  calculated  for  a 
number  of  different  cuts  and  propagation  direc¬ 
tions  and  has  been  compared  with  experimental 
results.  The  predicted  cut  angles  for  a  given 
turnover  point  were  never  more  than  1°  in  error, 
while  the  predicted  second-order  coefficients 
averaged  about  23  percent  larger  than  the  meas¬ 
ured  values.  Included  in  the  cuts  that  were  in¬ 
vestigated  was  one  predicted  by  Hauden  to  have 
both  zero  first-  and  second-order  coefficients. 

Our  results  show  that  the  second-order  coefficient 
is  not  small. 


References 

1.  D.  Hauden,  M.  Michel  and  D.  O.  Gangepain, 
"Higher  Order  Temperature  Coefficients  of 
Quartz  SAW  Oscillators,"  Proc.  32nd  Annual 
Symp.  on  Freq.  Control,  U.  S.  Army  Elec. 

Res.  and  Dev.  Comm.,  Ft.  Monmouth,  N.J., 
pp.  77-86  (1978). 

2.  A.  E.  Wainright,  F.  L.  Walls,  and  W.  D.McCaa, 
"Direct  Measurement  of  the  Inherent  Frequency 
Stability  of  Quartz  Crystal  Resonators,"  Prcj. 

28th  Annual  Symp.  on  Freq.  Control,  U.  S. 

Army  Elec.  Comm.,  Ft.  Monmouth,  N.J.,  pp. 
177-180  (1974). 

3.  D.  B.  Leeson,  "Short  Term  Stable  Microwave 
Sources,"  Microwave  Journal  13,  pp.  59-69 
(1970);  "A  Simple  Model  of  Feedback  Oscillator 
Noise  Spectrum,"  Proc.  IEEE  54,  pp.  329-330 
(1960). 

4.  T.  E.  Parker,  "Current  Developments  in  SAW 
Oscillator  Stability, "  Proc.  31st  Annual  Symp. 
on  Freq.  Control,  0.  S.  Army  Elec.  Res.  and 
Dev.  Comm.,  Ft.  Monmouth,  N.J.,  pp.  359- 
364  (1977). 

5.  R.  Allison  and  S.  J.  Goldman,  "Vibration  Ef¬ 
fects  on  Close-in  Phase  Noise  of  a  300  MHz 
Surface  Wave  Resonator  Oscillator,"  Proc.  32nd 
Annual  Symp.  on  Freq.  Control,  U.  S.  Army 
Elec.  Res.  and  Dev.  Comm.,  Ft.  Monmouth, 

N.J.,  pp.  66-73  (1978). 

6.  W.  P.  Mason,  "Zero  Temperature  Coefficient 
Quartz  Crystals  for  Very  High  Temperatures," 

Bell  Syst.  Tech.  J.,  Vol.  30,  pp.  366-380  (1951). 

7.  I.  Koga,  M.  Aruga,  and  Y.  Yoshihaka,  "Theory 
of  Plane  Elastic  Waves  in  Piezoelectric  Crystalline 
Medium  and  Determination  of  Elastic  and  Piezo¬ 
electric  Constants  of  Quartz,"  Phys.  Rev.  109, 
pp.  1467-1473  (1958). 

8.  R.  Bechmann,  A.  D.  Ballato,  and  T.  J.  Lukaszek, 
"Higher  Order  Temperature  Coefficients  of  the 
Elastic  Stiffnesses  and  Compliances  of  Alpha- 
Quartz,"  Proc.  IRE  50,  pp.  1812-1822  (1962). 

9.  J.  Zelenka  and  P.  Lee,  "On  the  Temperature 
Coefficients  of  the  Elastic  Stiffnesses  and  Com¬ 
pliances  of  Alpha-Quartz,"  IEEE  Trans.  Sonics 
and  Ultrasonics  SU-18,  pp.  79-80  (1971). 

10.  B.  A.  Auld,  Acoustic  Fields  and  Waves  in 
Solids ,  Vol.  I,  Wiley,  New  York,  N.Y.  (1973). 

11.  R.  Bechmann,  ”Temperaturabh5ngigkeit  von 
Quarzresonatoren,"  Archiv  der  Elektrischen 
Obertragung  5,  pp.  89-90  (1951). 

12.  W.  R.  Jones,  J.  J.  Campbell,  and  S.  L. 

Veilleux,  Theoretical  Analysis  of  Acoustic  Sur¬ 
face  Waves,  Final  Report  F19628-69-C-0132, 

1  Dec.  1968-30  Nov.  1969,  Hughes  Aircraft  Co., 
Fullerton,  CA.  AD-865-352  (1969). 


382 


13.  M.  F.  Lewis,  G.  Bell,  and  E.  Patterson, 
"Temperature  Dependence  of  Surface  Elastic 
Wave  Delay  Lines."  Journal  of  Applied 
Physics  42,  pp.  476-477  (1971). 


14.  I.  Browning  and  M.  Lewis,  "A  New  Cut  of 

Quartz  Giving  Improved  Temperature  Stability  to 
SAW  Oscillators, "Proc.  32nd  Annual Symp.  on 
Freq .  Control ,  U . S  .Army  Elec .  Res .  and  Dev .  Comm . 
Ft.  Monmouth,  N.J.,  pp.  87-94  (1978). 


TABLE  1 


MATERIAL  CONSTANTS  FOR  QUARTZ 


g 

Piezoelectric  Stress  Constants  and 
Temperature  Derivatives44 


Coefficients  of  Thermal  Expansion 


en  =  0.171  C  m  “ 
e14  =  0.0403  C  m“2 

Tell)  =  ~1,6  x  10_4/°c 
Te^4)  =  -14.4  x  10~4/°C 


a. 


a 


a. 


a, 


(1) 

11 

,  U> 
33 
(2) 
11 
(2) 
33 
(3) 
11 
(3) 
33 


=  13.71  x  10"6/°C 
7.48  x  10~6/°C 
a2[2)  =  6.5  x  10~9/(°C)2 
2.9  x  10"S/(°C)2 
a^3)  =  -1.9  x  10'12/(°C)3 
-1.5  x  10-12/(°C)3 


Dielectric  Constants 


8 


Density  and  Its  Temperature  Derivatives 


8 


ell  =  e22  =  39'97  *  10"12  F  m 
e33  =  41.03  x  10" 12  F  m"1 


p  =  2.65  x  103  N  m~4  s2 

Tp(1)  =  -34.92  x  10"6/(°C) 
Tp(2)  =  -15.9  x  10-9/(°C)2 
Tp(3)  =  5.30  x  10_12/(°C)3 


Elastic  Stiffnesses  c^  in  109N  m  2  at  25°C*8 


Xp 

c.  E 

Xu 

D 

Xu 

11 

86.72 

87.47 

33 

107.1 

107.1 

12 

6.89+ 

6.14 

13 

11.88 

11.88 

44 

57.89 

57.93 

66 

39.92 

40.67 

14 

-17.92 

-18.10 

*  NOTE:  Original  values  presented  at  20°C. 

t  Original  value  published  incorrectly  as  6.99  @ 
20°C.  Correct  value  is  6.98  0  20°C. 

**  Value  corrected  to  be  consistent  with  change 


Values  for  the  First  Order  Temperature  Coefficients 
of  Stiffness  at  Constant  Electric  Field9 


Xu 

(1) 

Tc, 

Xu 

10"6/°C 

11 

+  44.3 

33 

-  160.0 

12 

-2694.0** 

13 

-  550.0 

44 

-  175.4 

66 

+  187.6 

14 

+  117.0 
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Table  1  (Continued) 


TABLE  2 

CALCULATED  SAW  PARAMETERS  AT  THE  TURNOVER  TEMPERATURE 


4> 

Cut  Angles  (Exp.) 

e 

’f 

Turnover 

Temp. 

(°C) 

Velocity 

V  (m/sec) 

Coupling 

Constant 

2  v/v  (%) 

Power  Flow 
Angle 

(deg) 

0 

0 

34.9 

-30 

3.35  xio3 

.088 

3.2 

0 

0 

33.9 

+15 

3.35 

.094 

3.1 

0 

0 

32.9 

+72 

3.35 

.098 

3.0 

0 

42.75 
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Fig.  1  Open  Loop  (a)  and  Closed  Loop  (b)  Phase 
Noise  for  SAW  Oscillators  Showing  Dif¬ 
ferences  in  Flicker  Noise  Levels  for 
Different  SAW  Delay  Lines. 


Fig .  3  Observed  Flicker  Noise  Level  for  Four 
CFkT 

Values  of  ~ —  .  The  solid  line  indicates 

*Q 

how  the  flicker  noise  level  would  vary  if  it 

CFkT 

were  proportional  to  the  term  -= —  . 
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Fig.  2  Flicker  Noise  as  a  Function  of  Time  for  a 
SAW  Device  Mounted  with  Silicone  Rubber. 


Fig.  4  Definitions  of  Angles  and  t|»  for  Rotated 
Quartz  Plates. 
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Fig.  5  (a)  Comparison  Between  Theory  and  Ex¬ 
periment  for  a  Y-Cut  Substrate. 
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Fig.  5  (b)  Comparison  Between  Theory  and  Ex¬ 
periment  for  Two  Rotated  Y-Cut  Substrates. 
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Fig.  5  (c)  Comparison  Between  Theory  and  Ex¬ 
periment  for  a  Rotated  Y-Cut  Substrate 
with  Propagation  at  %  45°  from  X-Axis. 
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Fig.  5  (d)  Comparison  Between  Theory  and  Ex¬ 
periment  for  an  X-C-ut  Substrate. 
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5  (e)  Comparison  Between  Theory  and  Ex¬ 
periment  for  an  X-Cut  Substrate. 
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Fig.  5  (f)  Comparison  Between  Theory  and  Ex¬ 
periment  for  Rotated  X-Cuts.  Experi¬ 
mental  data  from  Browning  and  Lewis. 14 
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Fig.  5  (g)  Comparison  Between  Theory  and 
Experiment  for  a  Doubly  Rotated  Cut. 


ANALYSIS  OF  SHALLOW  BULK  ACOUSTIC  WAVE  EXCITATION  BY  INTERDIGITAL  TRANSDUCERS* 


K.  F.  Lau,  K.  H.  Yen,  J.  Z.  Wilcox  and  R.  S.  Kagiwada 


TRW  Defense  and  Space  Systems  Group 
Redondo  Beach,  California  90278 


Abstract 


In  this  paper,  the  Shallow  Bulk  Acoustic  Wave 
(SBAW)  in  rotated  Y-cut  quartz  is  analyzed  by  first 
considering  the  bulk  wave  generated  by  a  single 
line  source  located  on  the  substrate  surface.  The 
single  line  source  problem  is  solved  exactly  taking 
into  account  the  full  electrical  and  mechanical 
boundary  conditions.  For  the  case  involving  mul¬ 
tiple  line  sources,  such  as  that  of  interdigital 
transducers,  an  approximate  expression  accurate  to 
the  order  of  where  K  2 is  the  electromechanical 
coupling  coef ricient,  is  uerived.  From  these  cal¬ 
culations,  the  wave  velocity,  temperature  coeffi¬ 
cient  of  delay,  and  the  equivalent  circuit  model 
of  the  SBAW  in  rotated  Y-cut  quartz  are  derived. 

It  is  found  that  the  equivalent  circuit  model  for 
the  SBAW  transducer  is  quite  similar  to  the  "in¬ 
line"  model  used  in  surface  acoustic  wave  calcu¬ 
lations.  Good  agreement  between  experiment  and 
theoretical  prediction  has  been  obtained. 

Introduction 

Shallow  Bulk  Acoustic  Wave  (SBAW)  devices 
promise  to  have  great  impact  on  frequency  control 
due  to  their  compact  size,  high  operating  fre¬ 
quency,  and  excellent  short-,  medium-,  and  long¬ 
term  stabilities. A  complete  understanding  of 
the  SBAW  excitation,  propagation  and  detection  is 
desirable  because  it  will  allow  one  to  design  de¬ 
vices  with  specified  characteristics.  Theoretical 
analysis  of  the  SBAW  has  been  performed  by  several 
authors,  "  and  a  fairly  good  understanding  of  the 
SBAW  properties  has  been  achieved.  However,  a  con¬ 
venient  equivalent  circuit  model  which  provides 
the  same  simplicity  in  device  design  as  that  of 
Che  "cross  field"  and  "in-line"  models  for  the  sur¬ 
face  acoustic  wave  device  has  yet  to  be  proposed. 

It  is  the  purpose  of  this  paper  to  derive  such  a 
model  and  to  recalculate  theoretically  some  of  the 
wave  properties  including  the  wave  velocity  and 
temperature  coefficient  of  delay  for  SBAW  in  ro¬ 
tated  Y-cut  quartz.  This  formulation  can  also 
apply  to  the  calculation  of  SBAW  in  substrates 
having  similar  elastic,  piezoelectric  and  dielec¬ 
tric  symmetries  as  quartz  (e.g.,  rotated  Y-cut  ber- 
linite).  For  ocher  types  of  substrates,  the  fol¬ 
lowing  approach  does  not  rigorously  apply,  but  is 
expected  to  provide  insight  into  the  various  wave 
properties. 


Theoretical  Analysis 

The  configuration  of  a  SBAW  device  on  rotated 
Y-cut  quartz  is  shown  schematically  in  Figure  1. 
Interdigital  transducers  are  deposited  on  the  sub¬ 
strate  surface  with  fingers  parallel  to  the  X-axis 
of  the  quartz  crystal.  A  voltage  VQ  applied  to  the 
transducer  launches,  through  piezoelectric  coupling, 
acoustic  waves  in  the  substrate.  These  waves  pro¬ 
pagate  in  the  crystalline  YZ  plane  and  are  detected 
by  a  receiving  transducer  situated  at  a  center-to- 
center  distance  r  away.  The  width  and  length  of 
the  transducer  are  designated  by  d  and  t,  respec¬ 
tively.  Finger-to-finger  spacing  is  designated 
by  Ar. 

The  analysis  of  acoustic  waves  excited  by  the 
interdigital  transducer  will  consist  of  (1)  deter¬ 
mining  the  radiation  characteristics  of  a  single 
line  source  (element  factor)  and  (2)  summing  the 
contributions  from  these  individual  sources  (array 
factor).  In  this  approach,  the  interdigital  trans¬ 
ducer  is  represented  by  a  series  of  parallel  line 
sources  with  alternate  polarity.  The  far-field 
approximation  is  used  throughout  the  calculation 
and  the  piezoelectric  substrate  is  assumed  to  be 
semi-infinite.  The  aperture  of  the  acoustic  wave 
is  assumed  to  be  many  wavelengths  wide  and  the 
field  quantities  are  essentially  independent  of 
the  y  coordinate. 

Radiation  From  a  Single  Line  Source 

The  configuration  of  a  single  line  source  of 
time  harmonic  unit  charge  located  on  a  piezoelectric 
medium  is  illustrated  in  Figure  2.  The  solution  of 
electric  potential  6  and  particle  velocity  v  can  be 
Fourier-analyzed  as'’ 

CO 

Jk’,Xdkx 


■<k 

*  2  k  e  e 

x  ol  , 


+  R(kx)e 


kj( z+z ' ) 


for  z  <  0  in  the  air  region. 


*This  work  is  supported  by  the  Army  Research  Office  under  Contract  No.  DAAG26-78-C-0043. 


388 


and 


always  be  accompanied  by  the  quasi-electrostatic 
mode. 


f 

v(x,z)  =  JZ  Z)  J  V.(kv)e  *  “  dk 


Jk  x-jk  .z 
x  Z1  d* 

X-  X 


(2) 


4  /*  -j 

>(x,z)  =  ^  E  J  *±(kx)e 


-jkxx-jkziz 


dk 


for  z  >  0  in  the  quartz  region. 

In  these  expressions,  the  quasi-static  approx¬ 
imation  has  been  assumed  and  thus  the  total  number 
of  eigenmodes  inside  the  quartz  crystal  is  four. 

By  solving  the  Christoffel  Equations,^  one  can 
show  that  for  rotated  Y-cut  quartz  the  longitudinal 
and  vertical  shear  acoustic  modes  are  decoupled  from 
the  electric  potential.  As  a  result,  the  modes  of 
interest  inside  the  quartz  medium  are  the  horizon¬ 
tal  shear  quasi-acoustic  mode  and  the  quasi-elec- 
trostatic  mode.  The  dispersion  relation  for  these 
two  modes  is  calculated  to  be 


After  the  Fourier  amplitudes  are  evaluated,  the 
velocity  field  (v)  and  the  electrostatic  potential 
($)  of  each  of  the  modes  can  be  evaluated  in  the 
far-field  approximation  by  using  the  saddle  point 
integration  technique. ?  Thus,  for  a  slowly  varying 
$A(,(k  ,z),  the  potential  inside  the  bulk  crystal 
due  to  a  line  source  is 


'£7 


a/2 


*Ac(r)  =  WW  1 


(dk  /dk  ) 
z  x 


.2 *r  d2k  /dk  2' 
K  z  x 


(4) 


“i(ks  ?)-i|sgnKs 


where  K  is  the  curvature  of  the  dispersion  curve 
at  the  saddle  point 


tan  0 

r 


<kz2c«  +  2C46kxkz  +  C66kx2  -  pu2) 
‘  (e33kz  +  cllkx  +  2c13kxkz)  + 


(3) 


and  0f  is  the  observation  angle. 


Radiation  From  Multiple  Line  Sources 


(e34kz2  +  el6kx 


2  +  <e14  +  W/ 


They  are  coupled  through  the  second  term  and  nei¬ 
ther  of  them  is  purely  acoustic  or  electrostatic. 

Solving  k^  as  a  function  of  k  ,  one  can 
obtain  a  dispersion  curve  of  the  quasi-acoustic 
wave.  Figure  3  shows  the  dispersion  curve  for 
AT-cut  quartz.  Also  shown  in  Figure  3  is  the  geo¬ 
metrical  construction  of  a  R-vector  corresponding 
to  the  ray  propagating  to  observation  point  r “  (x,z). 
Due  to  crystal  anisotropy,  the  k  vector  is  not 
parallel  to  the  energy  flow  direction.  The  con¬ 
struction  is  the  graphical  representation  of  the 
results  of  the  saddle  point  integration  technique. 

Of  particular  interest  is  the  it  vector  which 
corresponds  to  the  ray  directed  parallel  to  the 
surface  of  the  substrate.  This  k  vector  deter¬ 
mines  the  phase  velocity  of  the  SBAW  along  the 
surface  of  the  substrate  and  is  designated  1^, . 

The  Fourier  amplitudes  $a(k  ,z),^^(kx)  and 
v^O^)  in  Equations  (1)  and  (2)  are  determined  from 

boundary  conditions  at  the  air-substrate  interface. 
The  appropriate  conditions  are  (i)  continuous  elec¬ 
tric  potential,  (ii)  continuous  normal  components 
of  electric  displacement,  and  (iii)  stress-free 
surface.  It  is  important  to  point  out  that  because 
of  the  piezoelectric  coupling,  the  stress-free  con¬ 
dition  cannot  be  satisfied  by  the  quasi-acoustic  wave 
itself.  Rather,  the  quasi-acoustic  wave  must 


The  acoustic  field  radiated  from  a  multiple 
line  source  is  obtained  by  multiplying  the  radia¬ 
tion  pattern  of  a  single  line  source  with  the  array 
factor,  in  terms  of  radiated  power  density  or 
Poynting  vector,  the  acoustic  field  radiated  from 
a  single  line  source  can  be  evaluated  from  Eq.  (4) 
and  the  constitutional  relations  by  using  the 
relation 


-y  -y  I  ->  ^  -y 

p  (r)  =  Re  4(-v:T  +  $  f-  D) 

•average  2  Y  3t 


(5) 


where  3  is  the  displacement  field,  and  T2is  the 
stress  tensor.  The  array  factor  | f N(0 r) I  is 
evaluated  by  using  antenna  theory?  For  uniform 
unweighted  transducers, 


IWI 
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,2 


SinN(^g‘Ar-Ti) 

"R  *ir  it 

Sin(-^ - > 


(6) 


where  N  is  the  number  of  the  finger  pairs.  Thus, 
the  directional  properties  of  the  radiated 
power  density  are  given  by  the  product  of  the 
"element"  pattern  and  the  array  factor. 
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Acoustic  Poynting  Vector  Along  Che  Surface 

Since  the  output  transducer  is  located  at  the 
substrate  surface,  Che  acoustic  Poynting  vector  at 
6r  =  r/2  directly  determines  the  amount  of  power 
received  by  the  output  transducer.  The  maximum 
acoustic  power  at  the  surface  is  achieved  when  the 
array  factor  |  f^  (tt/2)|2  is  maximum.  This  in  turn 
depends  on  the  phase  condition, 

*  A r  =  it  (7) 


or 


k  cos  y  Ar  =  7i  , 
c  c  ’ 


where Y  =  r/2  -  9 

c  c,s 

Thus,  if  one  defines  k  =  k  cosy  and  lets 
cx  c  '  c 


V  SBAH  =  “/kcx  ’ 


(8) 


the  center  frequency  of  the  SBAH  device  is  given 
by 


f 

c 


SBAH 

2Ar 


(9) 


At  fc,  the  Poynting  vector  directed  at  the 
output  transducer  is  maximum  and  is  given  by 


The  derivation  of  these  expressions  is  based 
on  Equations  (4)  and  (5).  Details  of  the  deriva¬ 
tion  will  be  presented  in  a  separate  paper  else¬ 
where.  18 

Radiation  Resistance  and  Acoustic  Loss 


Radiation  resistance  and  acoustic  loss  are 
two  important  parameters  for  the  characterization 
of  SBAH  devices.  The  radiation  resistance  of  a 
transducer  is  defined  as  the  ratio 


R 


a 


where  L  is  the  total  current  applied  to  the  trans¬ 
ducer  and  P  ,  is  the  radiated  acoustic  power 

into  the  substrate.  Hith  this  definition,  the 
radiation  resistance  can  be  given  by 

,  it 
‘  2 
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rP 


(Ha) 
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The  frequency  dependence  of  Ra(»)  depends 
largely  on  the  array  factor  |f(s/2)|  and  can  be 
approximated  by  taking  the  Fourier  transform  of  the 
impulse  function  which  is  determined  by  the  trans¬ 
ducer  weighting  function.  This  frequency  depen¬ 
dence  of  the  SBA^  device  has  been  discussed  in 
previous  papers. 


,  cs  2  »  tr 

P  (r,6  -0)  =  V  ■*(— )  — —  .  k  .  — 

*maxv  r  '  o  '  nr  p  £ 


where 
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_  -  (e13  +  •/Enc33-  c13  ) 

bi  “  2nf  ,  and  n  =  — - — — * 

c  c  e33 

In  these  expressions,  the  transducer  is  repre¬ 
sented  by  a  capacitor  C T  in  series  with  a  resistor 
(see  Figure  9).  The.  quantity  V  is  the  voltage 
applied  to  the  transducer  terminal  and  c  is  the 
capacitance  per  finger  pair.  For  rotatel  Y-cut 
quartz,  cg  =  4.894xl0"21  F/m  and  for  uniform 
transducers,  C_  =  NC  =  Nd  e  . 

X  3  S 


At  center  frequency,  the  integral  in  Equation 
(11a)  can  be  replaced  by  the  product  of  the  peak 
power  in  Equation  (10)  and  the  main  lobe  halfwidth, 
1.54//2N.  This  gives 


,  ,  2  S  1 

»(*c)  ■  ¥  "FSX 
>'N  c  s 


(lib) 


where  Cg  =  zg  is  the  capacitance  per  finger  pair. 

Note  that  there  is  no  adjustable  parameter  in 
this  calculation. 


The  acoustic  loss  is  defined  as  the  ratio  of 
the  total  received  power  divided  by  the  total 
radiated  power. 

To  a  good  approximation,  the  power  received 
by  the  output  transducer  may  be  calculated  by  using 
the  reciprocity  arguments.  For  identical  output 
and  input  transducers,  the  acoustic  loss,  I,  is 


P 

I  =  10  log- 


received 

Prad 


1 

io  log  -£• 

r 


(12) 


where  X^  is  the  cut-off  wavelength.  Under  matched 
load  conditions,  using  the  same  approximation  as 
in  Equation  (11),  Equation  (12)  becomes 
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10  log 


X  N 


c 

4.5  r 


(13) 


We  note  that  Eq.  (13)  implies  a  minimum  insertion 

loss  attainable  when  two  identical  transducers  are 

placed  in  close  proximity  with  the  center-to-center 

distance  r  =  NX  .  Under  matched  load  conditions, 
c 


I  .  =  10  log  =  6.5  dB 

mm  8  4.5 


(14) 


wave  velocity  is  found.  The  procedure  for  the  tem¬ 
perature  coefficeint  calculation  is  shown  schema¬ 
tically  in  Figure  5.  It  consists  of  first  evalua¬ 
ting  the  piezoelectric,  elastic,  and  dielectric 
constants,  and  density  of  the  quartz  substrate  at 
various  temperatures.  The  temperature  coefficients 
of  all  these  quantities  have  been  well  documented. 
After  the  correct  material  constants  are  determined, 
Equation  (3)  can  be  used  to  determine  k  ,  and  thus 
VSRAW  at  t*ie  Particular  temperature.  Tie  oscilla¬ 
tion  condition  of  the  SBAW  delay  line  oscillator  is 
given  by 


2mf(T) 

VSBAW(T) 


*  L  +  $ext  =  2mr,  L  =  LQ(l+a(T)) 


This  includes  the  6  dB  bidirectional  loss  in 
the  transducer.  '  In  practice,  it  is  probably  not 
possible  to  reach  since,  in  the  limit  where 

(14)  was  derived,  the  far-field  approximation  is 
invalid. 


Comparison  with  Experiments 
Experimental  Arrangements 

The  experiments  discussed  in  this  paper  were 
carried  out  by  fabricating  delay  lines  on  various 
rotated  Y-cut  quartz  substrates  and  measuring  their 
properties.  A  single  delay  line  design  was  used 
for  all  experiments.  The  delay  line  consisted  of 
two  identical  interdigital  transducers,  each  with 
140  finger  pairs.  Split  finger  configuration  was 
used  for  the  electrodes.  The  delay  line  had  an 
aperture  of  33  wavelengths  (X  )  and  the  center 
frequency  was  166  MHz  when  fabricated  on  ST-cut 
quartz  for  SAW  propagation.  The  transducers  in 
the  mask  were  stepped  so  that  delay  lines  with 
several  different  center-to-center  separations 
between  transdcuers  can  be  fabricated.  The  dis¬ 
tances  between  transducers  ranges  from  150  X  to 
300  Xc. 

The  center  frequency,  insertion  loss  and  fre¬ 
quency  response  of  the  SBAW  delay  line  were  ob¬ 
tained  by  measuring  the  transmission  characteristic 
of  the  device  on  an  HP  network  analyzer.  The  tem¬ 
perature  coefficients  of  delay  were  measured  by 
putting  the  delay  line  into  a  feedback  loop  with  an 
amplifier  and  forming  a  SBAW  oscillator.  The  fre¬ 
quency  variation  of  the  oscillator  as  a  function  of 
frequency  was  measured. 


where  a(T)  is  the  linear  expansion  coefficient  of 
the  substrate.  A  polynomial  fit  is  then  carried 
out  to  fit  the  f(T)’s  with  1st,  2nd,  and  3rd 
order  temperature  coefficients  of  frequency  (Af/f ) . 
The  temperature  coefficient  of  delay  (At/t)  is 
merely  the  negative  of  that  quantity. 

For  the  SBAW  in  rotated  Y-cut  quartz,  the 
first  order  temperature  of  delay  at  25°C  is 
plotted  in  Figure  6.  The  agreement  between  theory 
and  experiment  is  excellent.  To  show  the  type  of 
agreement  achieved,  some  of  the  theoretical  and 
experimental  data  are  listed  in  Table  1.  For 
device  applications,  the  regions  where  zero  first 
order  temperature  coefficient  exists  is  of  particu¬ 
lar  interest.  A  detailed  calculation  had  been  made 
for  cuts  near  AT,  and  BT  cuts  which  have  zero  first 
order  temperature  coefficient  of  delay.  The  fre¬ 
quency  shift  as  a  function  of  temperature  for  the 
AT  cut  region  is  shown  in  Figure  7,  while  Figure  8 
shows  the  temperature  shift  for  the  BT-cut  region. 
The  results  again  agree  well  with  experiments. 


Equivalent  Circuit  Model 


The  expression  derived  for  the  radiation  re¬ 
sistance  and  acoustic  loss  (Equations  11-13)  can 
be  used  to  construct  an  equivalent  circuit  model. 

In  this  model,  the  SBAW  transducer  is  represented 
by  radiation  resistance  in  series  with  the  capa¬ 
citance  CT  (see  Figure  9).  At  the  center  frequency, 
the  radiation  resistance  is  given  by  Equation  (11), 


i.e. , 


co  C 
c  s 


Wave  Velocity  and  Temperature  Coefficient  of  Delay  and  tjle  capacitive  reactance  is  given  by 


As  discussed  in  the  theoretical  section,  the 
velocity  of  the  SBAW  is  given  by  co /k  .  This  is 
similar  to  the  cutoff  velocity  or  ^i|^ed  bulk  wave 
velocity  used  by  previous  authors.  ’  By  using 
Equation  (3) ,  the  SBAW  velocity  can  be  determined 
taking  into  account  complete  piezoelectric,  elas¬ 
tic,  and  dielectric  constants.  The  result  of  the 
calculation  is  shown  in  Figure  4,  In  Figure  4,  the 
velocity  of  the  bulk  wave  with  the  £  vector  point¬ 
ing  along  the  surface  is  also  plotted  for  compari¬ 
son.  The  experimental  points  agree  well  with  the 
u/kcx  value. 


- 

2 

where  k  is  given  in  Equation  (10)  and  can  be 
identified  as  the  coupling  coefficient. 

The  impedance  of  the  transducer  Z  (uj, )  is 
thus  given  by 


Z(w  )  =  R  («■>)  + 

(.  u  C 


l 

j“c  S  ‘ 


The  temperature  coefficient  of  delay  can  be 
calculated  once  the  correct  expression  for  the 


It  is  interesting  to  point  out  that  the  Ra 
in  this  SBAW  model  is  quite  similar  to  that  used 
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in  the  "in-line"  model  for  SAW  devices.  The 
major  difference  is  the  fact  that  the  effective 
coupling. of  the  SBAW  is  inversely  proportional  to 
i/H  while  it  is  independent  of  N  for  the  SAW  case. 

2 

A  second  interesting  note  is  that  the  K  is 
not  the  eame  as  2Av/v,  where  Av  is  the  velocity 
difference  of  the  SBAW  with  and  without  consider¬ 
ing  the  piezoelectric  effect.  Figure  10  shows  the 
Av/v  and  the  K  for  the  SBAW  in  rotated  Y-cut 
quartz.  For  certain  cuts,  the  two  quantities  are 
comparable,  whereas  at  other  cuts  they  can  differ 
by  an  order  of  magnitude.  Table  2  lists  the  num¬ 
bers  of  several  specific  cuts. 

The  insertion  loss  of  the  SBAW  is  the  sum  of 
three  contributions:  conversion  loss  of  input 
transducer,  conversion  loss  of  the  output  trans¬ 
ducer,  and  acoustic  power  spreading  loss.  Follow¬ 
ing  the  work  in  SAW  devices,  the  conversion  loss 
of  a  transducer  is  calculated  by 


X.  L.  =  10  log 


2'V  *L 


(Ra+V2  + 


Here  the  3  dB  bidirectional  loss  is  included.  For 
SBAW  devices, an  additional  loss  is  present.  This 
loss  is  related  to  the  acoustic  loss  derived  in 
Equation  (13). 

Not  all  the  acoustic  energy  radiated  toward 
the  output  transducer  side  is  received.  This  so- 
called  acoustic  power  spreading  loss  is  equal  to 
the  acoustic  loss  given  by  Equation  (13)  minus 
6  dB,  as  this  has  been  included  in  the  transducer 
conversion  loss.  The  expression  for  the  spreading 
loss  is  thus  given  by 

y 

S.  L.  =  10  log  ^  “  6  , 

where  X  is  the  SBAW  wavelength.  Using  this 
equivalent  circuit  model,  the  Insertion  Loss  of 
delay  lines  fabricated  on  various  rotated  Y-cut 
quartz  has  been  calculated  and  compared  with  experi¬ 
ment.  Table  3  summarizes  the  result.  In  this  cal- 
cualtion,  the  capacitance  per  pair  Cg  is  given  by 

C  =  1.4  e  d  . 
s  s 


Initial  experiments  indicate  that  the  theoretical 
results  agree  well  with  experimental  observations. 
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GEOMETRY  OF  A  SBAW  DEVICE  ON  ROTATED 
Y-CUT  QUARTZ;  0  =  42.75  FOR  ST-CUT  QUARTZ 


*  POINT  (*,  i) 

FIGURE  2.  GEOMETRY  OF  A  SINGLE  LINE  SOURCE 
ON  A  SEMI-INFINITE  SUBSTRATE. 


.  — /-VI  VULVA,  I  Y  LJlNJ  SI  IRFAL 

HORIZONTALLY  POLARIZED  SHEAR  WAVE  ON 
MA,Eli,ALR0TATEDY-CUTQUART2- 

CONSTANT 
TAPE  1 


TAPE  2 

MATERIAL 

CONSTANT 


FIGURE  5.  FLOW  CHART  FOR  CALCULATING  THE  TEMPERATURE 
COEFFICIENT  OF  DELAY. 


FIGURE  3.  INVERSE  VELOCITY  SURFACE  FOR  HORIZONTALLY 

POLARIZED  SHEAR  WAVE  ON  ROTATED  Y-CUT  QUARTZ. 


FIRST-ORDER  TEMPERATURE  COEFFICIENT  OF  DELAY 
OF  SBAW  IN  ROTATED  Y-CUT  QUARTZ. 
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Table  1.  Calculated  and  Measured  Wave  Velocities  and 
Temperature  Coefficients  of  Delay 

Temperature 
Coefficient 
of  Delay 

Velocity  First  Order 

(m/sec)  (ppn/°C) 


Substrate 

U  (Deg) 

Theory 

EX£^ 

Theory 

Exp. 

ET 

156.3 

4276 

4295 

92.9 

91.5 

ST 

132.75 

4993 

4990 

33.2 

26.2 

AT 

125.25 

5095 

5100 

-  2.89 

-  2.46 

BT 

41.0 

3338 

3340 

-  3.75 

-  3.15 

BC 

30.0 

3317 

3314 

19.1 

18.5 

Table  2. 

Selected  Values 

of  K  2 
P 

and  Av/v 

Substrate 

y  (Degrees) 

Kp2  (%) 

Av/v  (%) 

ET 

156.3 

1.488 

0.938 

ST 

132.75 

1.899 

0.390 

AT 

125.25 

1.436 

0.153 

BT 

41.0 

0.413 

0.382 

BC 

30.0 

0.485 

0.508 

Table  3.  Calculated  and  Measured  Insertion  Losses 


Theoretical  Calculation 


Substrate  u  (Deg) 


ET 

156.3 

ST 

132.75 

AT 

125.25 

BT 

41.0 

BC 

30.0 

Conversion 
Loss  per 
Transducer 

Spreading 

Loss 

11.2  dB 

1.3  dB 

9.9 

1.3 

11.0 

1.3 

17.3 

1.3 

16.5 

1.3 

Total 

Insertion 

Loss 

Measured 

Insertion 

Loss 

23.7  dB 

21.8  dB 

21.1 

21.0 

23.3 

25.0 

35.9 

37.2 

34.3 

32.0 

FIGURE  7.  TEMPERATURE  SHIFT  IN  FREQUENCY  FOR 
CUTS  NEAR  AT-CUT. 


394 


FIGURE  8.  CALCULATED  TEMPERATURE  SHIFT  IN  FREQUENCY 
FOR  CUTS  NEAR  BT-CUT. 
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L-BAND  LOW  LOSS  ^AW  FILTERS 


Bob  R.  Potter 


Texas  Instruments  Incorporated 
Dallas,  Texas  75266 


SUMMARY 

Conventional  and  low  loss  Surface 
Acoustic  Wave  (SAW)  filters  have  been  used 
in  a  remarkable  number  of  system  applica¬ 
tions  from  radar  to  communications,  to  tele¬ 
vision  tuners.  The  frequency  range  for  low 
loss  SAW  filters  has  been  30  MHz  to  440 
MHz.  L-band  SAW  devices  can  be  manufactured 
using  higher  resolution  fabrication  tech¬ 
niques  such  as  E-beam  mask  making  and  group- 
type  unidirectional  transducer  design. 
Results  of  a  961  MHz  group-type  unidirec¬ 
tional  fabricated  on  lithium  niobate  are 
presented  along  with  theoretical  results. 
Results  of  a  250  MHz  group-type  prototype 
device  are  presented  along  with  the  series 
tuned  matching  technique  developed  by 
Malocha.1 

INTRODUCTION 

Low  frequency  low-loss  surface  acous¬ 
tic  wave  (SAW)  filters  in  the  30  to  440  MHz 
frequency  range  are  highly  developed  and 
insertion  loss  as  low  as  2  dB  with  -50  dB 
sidelobes  have  been  reported.2  Greater  than 
45  dB  triple  transit  suppression  is  easily 
achievable  and  these  low  frequency  SAW  de¬ 
vices  are  being  produced  regularly. 

The  440  MHz  upper  limit  to  the  three- 
phase  unidirectional  transducer  is  a  result 
of  the  limitations  of  the  fabrication 
process  of  the  unidirectional  transducer 
utilizing  gold  crossovers.  (See  Reference 
2,  page  352,  paragraph  3).  Three  masks  are 
required  to  fabricate  the  transducer  and 
there  is  a  critical  alignment  of  the  via 
hole  mask  to  the  electrode  mask.  As  the 
via  holes  become  smaller  with  increasing 
passband  frequency  of  the  transducer  the 
mask  alignment  becomes  impossible  above  440 
MHz. 

The  group  type  unidirectional  trans¬ 
ducer2  also  requires  three  masks  in  the 
fabrication  process,  but  because  the  elec¬ 
trodes  are  arranged  in  groups  the  via  holes 
remain  large  and  the  mask  alignment  for  the 
three  levels  is  relatively  straightforward. 


This  work  is  partially  supported  by  USAERADC0M, 
Contract  No.  DAAK20-79-C-0257. 


The  group-type  unidirectional  trans¬ 
ducer  was  first  described  by  Yamanouchi.2 
These  early  group  structures  utilized  a 
meandering  ground  line  for  single  level 
construction  and  loss  as  low  as  -1.0  dB 
was  achieved  at  100  MHz.  However,  at  1 
to  2  GHz  on  ST-quartz  a  meandering  ground 
line  would  increase  the  parasitic  losses 
significantly  making  the  gold  crossover 
technique  attractive  for  reducing  inser¬ 
tion  loss. 

GROUP-TYPE  UNIDIRECTIONAL  TRANSDUCER  THEORY 

The  group  type  SAW  transducer  was  first 
discussed  in  1975  by  Yamanouchi.2  A  variety 
of  relatively  wideband  lithium  niobate 
SAW  filters  have  been  constructed  s’nce 
that  time.  These  filters  use  single  level 
construction  with  a  meandering  ground  line 
and  insertion  loss  as  low  as  6  dB  has 
been  achieved  at  800  MHz. 

Transducer  Configuration 

The  configuration  is  essentially  two 
bi-directional  transducers  placed  90  de¬ 
grees  out  of  phase  (acoustically)  on  the 
substrate.  The  transducer  frequency  res¬ 
ponse  will  be  the  same  as  one  of  those  bi¬ 
directional  transducers.  However  the  in¬ 
sertion  loss  will  be  low  due  to  the  power 
from  the  two  bi-directional  transducers 
adding  in  phase  in  one  direction  and  can¬ 
celling  in  the  other. 

The  transducer  design  approach  is 
shown  in  Figure  1.  Phase  1  is  connected 


fH»S!  I 


Figure  1.  Group-Type  unidirectional  Trans¬ 
ducer  With  Crossovers  on  One  Side 
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to  fingers  via  a  line  going  under  a  cross¬ 
over.  Phase  2  fingers  are  connected  to 
the  pads  that  are  connected  to  the  gold 
crossover  bar.  One  contact  pad  per  wave¬ 
length  at  L-band  frequencies  would  make 
visual  alignment  of  the  masks  impossible. 
However,  four  or  five  wavelengths  per  con¬ 
tact  pad  as  shown  will  result  in  an  ade¬ 
quate  pad  size. 

As  shown  in  Figure  1,  the  fingers  of 
each  transducer  will  be  placed  in  "packets" 
of  4  or  5  wavelengths  each  with  every  other 
group  90  degrees  or  1/4  wavelength  out 
of  phase  acoustically  with  its  neighbor. 
With  a  +90'  electrical  phase  shift  of  Phase 
I  from  Phase  2,  then  a  wave  traveling  in 
the  direction  of  propagation  will  add  in 
phase  with  its  neighbor.  A  wave  going  the 
opposite  direction  will  then  be  180  degrees 
out  of  phase  with  its  neighbor  and  can¬ 
cellation  will  occur. 


Figure  2.  Square  Wave  Modulation  of  a 
Bi-Directional  Transducer 

the  main  lobe. 

The  sidelobe  locations  are  given  by: 


Frequency  Response  Theory 


where 


The  Fourier  series  for  the  group  type 
unidirectional  transducer  is  given  in  Refer¬ 
ence  (3].  When  matched,  the  group  type  un¬ 
idirectional  will  have  a  large  forward  wave 
and  a  small  backward  wave.  The  expression 
for  the  frequency  response  of  an  unweighted 
filter  is  given  by: 


where  $  for  the  backward  wave  is  180  degrees 
out  of  phase  from  the  forward  wave. 


Definition  of  variables: 


00  =  2lTf  where  f  is  frequency,  MHz 

i*  =  wavelengths  in  1/2  of  a  group, /fsec 

T  =  wavelengths  in  one  group 

f  =  frequency,  MHz;  f0  =  device  center 

frequency,  MHz 

W  =  27T/T,  rad/sec 

=  overall  transducer  length,  /(sec 


Figure  2  shows  the  square  wave  modu¬ 
lation  of  one  group  of  the  group-type  uni¬ 
directional  transducer.  The  overall  length 
of  the  transducer,  f"0,  influences  the  main 
response.  The  period  of  the  transducer, 
T,  determines  how  close  to  the  main  lobe 
the  spurious  lobes  will  be.  The  time  length, 
f,  of  each  group  of  fingers  affects  the  roll¬ 
off  of  the  spurious  lobes  with  respect  to 


f0  =  center  frequency  main  lobe,  MHz 
f £  =  spurious  lobe  frequency,  MHz 

N  =  Number  of  electrodes  in  a  group. 


f//fQ  will  be  .8  for  4  electrodes  per  group. 
Since  the  spurious  lobes  will  be  equally 
spaced  in  frequency  on  either  side  of  the 
main  lobe,  there  will  also  be  a  spurious 
lobe  on  the  high  frequency  side  at  f  /f0  = 
1.2.  Equation  1  automatically  places  these 
lobes  where  they  belong. 

Theoretical  Results 

The  above  expressions  have  been  pro¬ 
grammed  into  our  HP  9825  computing  system 
and  some  theoretical  results  have  been 
obtained.  Figure  3  is  a  plot  of  the  250 
MHz  prototype  device  frequency  theoretical 
response.  The  program  thus  far  only  uses 
the  above  equations  and  no  equivalent  cir¬ 
cuit  model  has  been  used  to  show  rejection 
of  the  spurious  sidelobes.  The  response  of 
Figure  3  is  for  both  transducers.  Note 
that  the  first  spurious  sidelobe  is  at  200 
and  300  MHz.  By  equation  2  this  would  cor¬ 
respond  to  4  electrodes  per  group  or  two 
active  and  2  grounded  electrodes  per  group. 

Another  way  to  find  the  frequency  res¬ 
ponse  of  a  transducer  is  to  perform  a 
Fast-Fourier-Transform  on  the  time  envelope. 
Figure  4  is  a  plot  of  the  FFT  result  on  the 


397 


...  -  •'  -V-  t.  |  J. 


Figure  3.  Theoretical  Frequency  Response 
of  an  Unweighted  Group-Type  SAW 
Filter  at  250  MHz 


3 
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Figure  4.  FFT  of  the  Type  of  Transducer 
Shown  in  Figure  2. 


250  MHz  g'-oup-type  transducer  with  N  =  4. 
It  must  be  emphasized  that  this  is  for  only 
one  transducer  whereas  Figure  3  was  for  two 
transducers . 

Note  that  from  Figures  3  and  4  the 
spurious  lobes  are  down  only  4  or  5  dB  from 
the  main  lobe.  For  group-type  unidirectional 
filters  constructed  on  lithium  niobate  this 
could  be  a  problem.  Since  the  impedance  of 
the  lithium  niobate  transducer  is  quite  low 
(could  be  near  50  ohms),  the  spurious  lobes 
will  have  relatively  low  loss  unmatched. 
When  the  device  is  matched,  only  the  matching 
network  components  w^ll  attenuate  these 
lobes.  The  problem  will  not  be  serious  on 
ST-quartz  because  the  transducei  has  a  re¬ 
latively  high  impedance  unmatched.  when 
the  main  lobe  is  matched ,  the  spurious  side- 
lobes  should  stay  suppressed  and  also  be 
attenuated  by  the  matching  network  compon¬ 
ents. 

The  last  theoretical  plot  shown  in 
Figure  5  is  of  a  961  MHz  group-type  uni¬ 
directional  with  N=4.  Note  that  the  first 


suprious  lobe  occurs  at  768.8  MHz  and  1153 
MHz.  Emphirical  results  will  be  compared 
with  these  theoretical  results  later  in  the 
paper. 


UNWEIGHTED  90do3  GROUP  TYPE  UNIDIRECTIONAL 


O  r 7  O  O  5TB  171  175  i75  rs - 1 

370.  03  706.80  001.00  1133.20  1343.40 

FREQUENCY  <MHZ> 


Figure  5.  Theoretical  Frequency  Response 
of  a  961  MHz  SAW  Filter  on 
Lithium  Niobate 


Group-Unidirectional  Transducer  Matchinc 


The  first  group-type  unidirectional 
transducers  used  90  degree  lengths  of 
coaxial  line  to  produce  the  necessary  phase 
shift.3  This  worked  well  for  lithium  nio¬ 
bate  devices  where  the  transducer  impedance 
was  near  50  ohms.  However,  for  devices  con¬ 
structed  on  ST-quartz  matching  in  and  out 
of  the  coaxial  line  would  present  a  difficult 
problem.  Malocha1  developed  a  technique 
for  matching  and  phasing  the  group-type  uni 
directional  transducer  on  ST-quartz  using 
only  two  components. 


Consider  the  schematic  for  the  group- 
type  transducer  shown  in  Figure  6.  z°i2 
is  the  input  impedance  of  the  device  phased 
with  components  X^  and  Xj>.  The  phase  shift 
from  phase  1  to  phase  Z  through  and  X2 
will  most  likely  be  inductors  for  ST-quartz 
and  at  least  one  will  be  a  capacitor  for 
lithium  niobate  substrates.  These  component 
values  can  be  calculated  from  the  following : 


=  A(cose  + 

sin  ©  ) , 

(3) 

=  A(sine  - 

cos  ©  ) , 

(4) 

12  ~  | Acos © 

(5) 

A  and  9  can  be  calculated  from  the  transducer 
parameters . 


Figure  6. 

Series  Tuning  Network  for 
Group-Type  SAW  Transducer 

the 

A  =  [nf0Cs 

J  ( 27T) 2  +  (8k2n)2]-1 

(6) 

and 

0  =  tan-1 

[JY] 

4k2n 

(7) 

where 

fQ  =  center  frequency,  MHz 


with  some  matching  components  at  each  end 
of  the  line.  This  was  a  crude  method  and 
may  have  caused  some  insertion  loss.  The 
insertion  loss  after  matching  was  6.5  dB 
due  to  narrow  fingers  and  poor  marching. 


Figure  7.  961  MHz  Group-Type  Transducer 


A  photograph  of  one  transducer  is  shown 
in  Figure  7.  Both  phases  are  taken  off 
of  one  side  with  the  gold  crossover  going 
over  one  phase.  This  means  that  the  para- 
sitics  are  not  balanced  for  this  transducer 
which  could  also  lead  to  insertion  loss  and 
inability  to  totally  match  the  filter. 


n  a  number  of  electrodes  in  1/2  transducer 
Cs  =  capacitance  one  finger  pair 
k2  =  coupling  coefficient. 


It  is  interesting  to  note  that©  only  depends 
on  the  coupling  coefficient  and  the  number 
of  finger  pair.  However,  any  significant 
parasitic  capacitance  or  inductance  can 
change  ©  . 


Lithium  Niobate  Design  at  961  MHz 

The  first  group-type  unidirectional 
transducer  constructed  at  Texas  Instruments 
was  for  lichium  niobate  at  961  MHz.  The 
two  transducers  were  95  wavelengths  long 
constructed  like  Figure  1  with  crossovers 
only  on  one  side.  The  transducer  beamwidth 
was  .006  inches  or  39  wavelengths.  From 
equations  3-7  this  means  that  Xt  =  22  ohms 
or  an  inductor  of  4  nh.  X2  -  10  ohm  or  a 
capacitor  of  16  pf.  The  transducer  beam- 
width  was  not  chosen  correctly  to  utilize 
the  series  tuned  approach  to  matching  and 
phasing  the  transducers. 


The  main  passband  response  of  the  de¬ 
vice  is  shown  in  Figure  8.  Since  it  is  an 
unweighted  transducer,  the  response  shows 
poor  sidelobes.  RF  feedthrough  is  also  an 
obvious  problem  with  the  crosstalk  level 
only  30  dB  down  from  the  main  passband. 
This  was  due  to  the  poor  packaging  job  done 
on  this  device.  Not  shown  are  the  spurious 
lobes  at  768.8  and  1153.2  MHz.  These  lobes 
occurred  exactly  where  the  theory  would  have 
predicted  them. 


0 
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The  approach  employed  to  match  the 
device  was  to  use  a  90  degree  coaxial  line 


Figure  8.  L-Band  SAW  Filter  with  6.5  dB 
Loss 
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250  MHz  L-Band  Prototype  on  ST-Quartz 

To  try  to  understand  the  group-type 
unidirectional  transducer  without  the  pack¬ 
aging  parasitics  that  occur  at  L-band 
frequencies,  a  device  was  constructed  at 
250  MHz  on  ST  quartz.  The  transducer  was 
65  wavelengths  long,  which  represents  a 
bandwidth  of  just  over  1  percent  at  250 
MHz.  The  period,  T,  of  the  transducer  was 
5  wavelengths  long  so  so  that  the  sourious 
lobes  would  appear  at  .8  x  250  =  200  MHz, 
and  1.2  x  250  =  300  MHz. 


Figure  9.  Package  for  the  250  MHz  Filter 


The  series  tuning  approach  was  chosen 
to  see  if  the  technique  could  be  used  at  L- 
band  frequencies.  0  from  equation  7  turned 
out  to  be  86.56  degrees  and  A  from  equation 
6  was  624.  The  two  phasing  inductors  came 
out  to  be  421  nh  and  373  nh.  Z°i2  from 
equation  5  was  predicted  to  be  37  ohms. 
Parasitic  feedthrough  capacitance  of  the 
package  shown  in  Figure  9  changed  consider¬ 
ably  the  final  values  Of  the  phasing  in¬ 
ductors  from  400  nh  to  between  100  and  200  nh. 
More  importantly  Z°l2  became  very  low  in 
impedance  and  capacitance.  Therefore,  a 
matching  network  was  necessary  and  the  total 
number  of  components  needed  per  transducer 
was  four. 

A  photograph  of  final  transducer  struc¬ 
ture  is  shown  in  Figure  10.  There  are  two 
large  ground  bars  in  the  interdigital  finger 
structure.  One  of  them,  as  shown  in  Figure 
1,  is  1  wide  and  the  other  1/2  wide  with 
1/4  between  the  two.  It  is  hoped  that 
this  might  cut  down  on  spurious  reflections 
from  the  large  ground  bar.  The  device  still 
has  a  crossover  on  only  one  side  as  did  the 
961  MHz  device.  This  can  be  seen  in  Figure 
10. 


The  electrical  results  from  the  device 
were  good.  The  insertion  loss  in  the  middle 
of  the  passband  was  3.9  dB,  when  matched  and 
phased  to  50  ohms.  Figure  11A  shows  the 


Figure  10.  250  MHz  Group-Type  Transducer 

Structure 


A.  Inband  Response  and  Impedance 


B.  Frequency  Response  Showing  Spurious 
Sidelobes 


Figure  11.  250  MHz  Filter  Results 
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inband  response  and  the  Smith  chart  of  the 
impedance  of  one  transducer .  A  small  amount 
of  ripple  still  shows  in  the  passband  and 
could  be  caused  by  two  things.  The  first 
is  acoustic  reflections  off  the  1/4  wave¬ 
length  fingers  in  each  group.  The  second 
is  the  possibility  that  the  device  is  not 
perfectly  phased  due  to  imbalance  of  para- 
sitics.  Figure  11B  shows  the  first  spurious 
sidelobes  quite  clearly  at  200  and  300  MHz. 
They  are  suppressed  due  to  the  matching 
and  phasing  network  only  acting  on  the 
mainlobe. 

FUTURE  DEVICES 

In  fabrication  at  the  present  time  are 
the  following  group-type  unidirectional 
devices: 

1.  1227.6  MHz  ST-quartz  unweighted 

2.  1227.6  MHz  lithium  niobate  unweighted 

3.  1227.6  MHz  ST-quartz  apodized  weighted 

4.  250  MHz  ST-quartz  crossovers  both  sides. 


All  of  the  above  devices  employ  a  special 
technique  for  suppression  of  the  spurious 
lobes.  The  two  different  transducers  have 
different  periods,  T,  and  hence  the  spurious 
lobes  are  at  different  frequencies  for  each 
transducer.  Therefore,  they  will  tend  to 
cancel  each  other. 


Figure  12.  Transducer  Structure  for  a 
1227.6  MHz  SAW  Filter 


Figure  12  shows  the  transducer  struc¬ 
ture  for  the  1227.6  MHz  ST-quartz  device, 
unweighted,  with  crossovers  on  both  sides. 
The  parasitics  are  balanced  with  the  pads 
shown  as  ground  on  both  sides  and  the  two 
phases  going  between  the  ground  pads  on  both 
sides  of  the  transducer. 

Packaging  for  the  L-band  devices  re¬ 
quires  some  attention  because  any  parasitic 
capacitance  will  lower  the  values  of  the 


phasing  coils.  An  alumina  ceramic  carrier  is  used 
to  mount  the  matching  components  and  SAW 
device.  This  ceramic  board  is  mounted  in 
an  Isotronics  1037  microelectronics  pack¬ 
age.  Matching  and  phasing  components  plus 
a  shield  and  the  device  are  shown. 

CONCLUSIONS 

The  group-type  unidirectional  trans¬ 
ducer  structure  has  been  shown  feasible  for 
ST  quartz  devices.  However,  at  L-band 
frequencies  parasitic  capacitance  will  be 
troublesome  and  packaging  will  be  a  major 
engineering  problem.  The  packaging  problems 
do  not  seem  insurmountable  and  good  L-band 
devices  should  be  produced  soon. 

Apodized  weighting  techiques  look  as 
if  they  can  be  implemented  easily  with  cross¬ 
overs  on  both  sides.  Withdrawal  weighting^ 
may  also  be  implemented  in  the  same  filter 
as  the  apodized  weighted  transducer  to  give 
an  ultimate  sidelobe  rejection  of  about  50 
dB. 
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Abstract 

Motivated  by  increased  interest  in  the  re¬ 
flective  array  compressor  (RAC)  and  other  re¬ 
flection-grating  surface  acoustic  wave  (SAW) 
devices  that  employ  orthogonal  propagation 
directions,  a  theoretical  search  has  been  per¬ 
formed  to  find  an  improved  substrate  material. 
This  search  has  produced  a  new  cut  of  quartz 
which  is  temperature-compensated  along  orthog¬ 
onal  directions  and  therefore  attractive  for 
use  in  RAC  devices.  Except  for  a  small  electro¬ 
mechanical  power  flow  angle,  the  SAW  properties 
along  the  two  temperature-compensated  directions 
are  similar  to  those  of  X  propagating,  ST-cut 
quartz.  Furthermore,  because  the  attractive 
propagation  paths  lie  in  the  plane  of  a  singly- 
rotated  crystal-cut,  it  should  be  relatively  easy 
and  inexpensive  to  manufacture. 

Introduction 

Tne  purpose  of  this  paper  is  to  describe  a 
new  surface  acoustic  wave  (SAW)  cut  of  quartz 
whicn  is  temperature-compensated  along  two  orthog¬ 
onal  directions.  This  result  is  the  product  of  a 
theoretical  search  for  an  improved  substrate 
material  for  devices  such  as  the  reflective  array 
compressor  (RAC)  which  use  reflection-gratings  to 
direct  the  acoustic  energy  along  orthogonal 
propagation  pathsl >2. 

The  use  of  multiple  paths  in  SAW  devices  is 
attractive  because  it  provides  good  rejection  of 
spurious  signals  and  second  order  effects  3,4; 
however,  it  also  places  an  additional  condition  on 
the  substrate  material  if  the  device  is  to  be 
temperature-stable  without  thermostatting.  In  the 
operation  of  a  general  reflection-grating  device, 
shown  schematically  in  Figure  1,  the  acoustic  wave 
launched  at  the  input  interdigital  transducer 
makes  two  90°  reflections  from  Che  gratings  and 
propagates  along  the  orthogonal  paths  a  and  b 
before  re'.  ’\ing  the  output  transducer.  For  tem¬ 
perature  anility,  it  is  necessary  first  that 
the  substrate  material  be  temperature  compensated 
along  the  primary  propagation  axis  (a  in  Figure  1); 
this  is  the  usual  requirement  for  temperature- 
stability  of  the  dispersive  delay.  In  addition, 
to  avoid  serious  redactions  in  the  amplitude  of 
the  output  signal,  it  is  necessary  that  the  tem¬ 
perature  coefficients  of  delay  (TCDS)  along  both 
propagation  paths  be  equal  °>°>'.  To  meet  both 


of  these  requirements,  it  is  therefore  necessary 
that  the  substrate  be  temperature-compensated 
along  both  propagation  paths. 

Since  SAW  substrate  materials  are  in  general 
anisotropic,  the  requirement  for  temperature- 
compensated  orthogonal  propagation  directions  is 
not  usually  satisfied.  On  the  popular  ST-cut  of 
quartz,  for  example,  the  TCD  along  the  direction 
orthogonal  to  the  temperature-compensated  X-axis 
is  47  ppm/°c°  ;  hence,  orthogonal-direction  SAW 
devices  built  on  ST-cut  quartz  must  be  thermo- 
statted.  It  appears,  in  fact,  that  no  SAW  cut 
of  any  material  has  previously  been  found  which 
is  temperature-compensated  along  two  orthogonal 
directions.  This  new  cut  of  quartz  should  fill 
that  need. 

Theoretical  Search 

In  order  to  find  this  new  crystal-cut,  a 
theoretical  search  was  performed  with  a  pre/iousiy 
described  set  of  computer  programs  which  note 
the  important  SAW  properties  for  a  desired  .i  V3- 
tallographic  orientation  of  a  given  material  9,10 
Because  it  is  known  to  have  several  temperatur 
compensated  orientations  and  is  available  "-o  :i 
several  manufacturers,  quartz  was  chosen  for  the 
search.  Furthermore,  to  maximize  crystallographic 
simplicity  and  thereby  minimize  potential  manu¬ 
facturing  costs,  the  search  was  restricted  to  the 
planes  of  various  singly  rotated  Y-cuts.  Two  very 
pertinent  examples  are  the  Y-cut  itself  and  the 
ST-cut.  The  variation  of  the  TCD  in  the  plane  of 
each  of  these  cuts,  taken  from  reference  8,  is 
shown  in  Figure  2.  These  curves  provided  two 
observations  which  further  simplified  the  search. 
First,  because  of  the  symmetry  of  the  crystal, 

TCD  data  in  the  plane  of  a  rotated  Y-cut  is 
symmetric  about  a  direction  of  propagation,  6, 
equal  to  90°;  hence,  the  TCDs  at  9  =  45°  and  135°, 
a  pair  or  orthogonal  propagation  directions,  are 
equal.  Second,  the  sign  of  the  TCD  at  9  =  45°  in 
the  olane  of  the  Y-cut  is  opposite  to  that  at  9 
-  45°  in  the  plane  of  the  ST-cut;  hence,  there 
should  be  a  zero  TCD  at  9  =  45°  (and  9  =  135°)  in 
the  plane  of  some  intermediate  rotated  Y-cut.  To 
verify  this,  it  was  only  necessary  to  calculate 
the  SAW  properties  of  the  boule  defined  by  the 
Euler  angles  8  A  =  0°,  varied  from  90° 
(Y-cut)  to  132.75°  (ST-cut),  9  =  45°.  The 
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measured  elastic,  piezoelectric,  and  dielectric 
data  of  reference  11  were  used  in  the  computer 
model  and,  as  expected,  the  TCD  reversed  sign  at 
ft  =  125.870,  completing  the  search. 

The  Euler  angles  A=  0°  and  =  125.87°  define 
the  sought-after  crystal-cut.  The  variation  of  SAW 
velocity,  electromechanical  power  flow  angle, 

A  V/V  piezoelectric  coupling  constant ,  and  TCD 
in  the  plane  of  this  cut  are  shown  in  Figure  3. 

Note  that  the  TCD  is  zero  along  the  two  orthogonal 
propagation  directions  9  =  45°  and  135°.  For  RAC 
device  design,  the  primary  (principal  or  incident) 
and  secondary  axes  of  propagation  should  be 
aligned  along  these  directions.  A  sketch  of  the 
crystal-cut,  showing  the  relationship  among  the 
XYZ  crystal  axes,  the  plate  normal,  and  the  pri¬ 
mary  and  secondary  propagation  directions  is 
shown  in  Figure  4. 

Discussion 

The  SAW  properties  along  the  attractive 
orthogonal  directions  of  this  new  cut  are  listed 
in  Table  I,  along  with  the  corresponding  values 
for  ST-cut  quartz  for  comparison.  Note  that 
while  the  velocities  and  A  V/V  coupling  values 
are  very  similar,  the  new  cut  has  a  small  but  non¬ 
zero  electromechanical  power  flow  angle  along  each 
of  its  temperature-compensated  directions.  Depend¬ 
ing  on  the  specific  device  design,  this  may 
necessitate  a  slight  shift  of  either  the  reflective 
gratings,  the  output  transducer,  or  both. 

Table  II  shows  the  effect  on  the  TCD  of  the 
new  cut  resulting  from  a  slight  misorientation  of 
each  of  the  Euler  angles.  Fortunately,  the  olate 
normal  ytl ,  which  is  the  most  difficult  angle  to 
orient,  is  the  least  sensitive. 

As  is  the  case  with  any  new  SAW  crystal-cut, 
theoretical  values  for  the  defining  Euler  angles 
are  only  approximate.  For  this  new  cut,  uncertain¬ 
ty  exists  only  in  the  value  of  the  second  Euler 
angle, /l,  the  rotation  angle  of  the  plate  normal, 
reported  here  as  nominally  125.87°.  To  examine 
the  extent  to  which  the  calculation  of  this  value 
depends  upon  the  material  constants,  the  above- 
described  procedure  was  repeated  several  times 
with  slightly  different,  although  equally  valid, 
elastic,  piezoelectric,  and  dielectric  constants. 
The  plate  normal/*  for  zero  TCD  was  found  to  vary 
by  as  much  as  5°  from  the  nominal  value;  thus,  the 
precise  value  of p-  must  be  determined  experimental¬ 
ly.  This  is  currently  being  done  at  RADC/EE  and 
the  results  will  be  reported  elsewhere. 

The  development  of  improved  RAC  devices  need 
not  await  the  experimental  determination  of  the 
exact  value  of  /•*•  .  One  of  the  more  serious 
problems  in  RAC  design  is  that  temperature  vari¬ 
ations  cause  a  misalignment  of  the  angle  of  the 
reflective  gratings  in  proportion  to  the  differ¬ 
ence  between  the  TCDs  along  the  two  propagation 
paths;  this  results  in  the  above-mentioned  reduc- 
of  the  amplitude  of  the  output  signal  of  the 
device. 5, o,7  Since  the  TCDs  at  9  =  45°  and  135° 
in  the  planes  of  rotated  Y-cuts  are  equal  (see 


Figs.  1  and  2),  their  differences  are  zero,  and 
the  amplitude  reduction  problem  is  minimized  in¬ 
dependently  of  the  value  of  /t.  The  TCDs  at 
9  =  45°  and  135°  in  the  plane  of  the  new  cut  de¬ 
fined  by  the  Euler  angles  \-tfi  and  /*■-  125.87° 
are  certainly  small,  if  not  zero,  and  equal.  Thus, 
it  should  be  possible  to  build  greatly  improved 
unthermostatted  RAC  devices  now,  without  awaiting 
the  results  of  the  above-mentioned  experimental 
determination  of  JJ. . 

Conclusion 

A  new  SAW  cut  of  quartz  has  been  described 
which  is  temperature-compensated  along  orthogonal 
directions  and  therefore  attractive  for  use  in 
RAC  and  other  devices  which  employ  orthogonal 
propagation  paths.  While  the  precise  value  of 
the  Euler  angle  /<  for  the  plate  normal  needs  to 
be  determined  experimentally,  greatly  improved 
RAC  devices  should  be  possible  using  the  theoret¬ 
ical  values  presented  here.  Finally,  because  the 
orthogonal  temperature-compensated  directions  lie 
in  the  plane  of  a  rotated  Y-cut,  it  should  be 
relatively  easy  and  inexpensive  to  manufacture. 

r  ferences 

1.  R.C.  Williamson,  "Properties  and  Applications 
of  Reflective-Array  Devices",  Proc.  IEEE, 

Vol.  64,  p  702,(1976). 

2.  R.C.  Williamson,  in  Surface  Wave  Filters, 

H.  Matthews,  Ed.,  Chap  9,  (Wiley,  New  York, 
1977). 

3.  R.C.  Williamson  and  H.I.  Smith,  "Large  Time- 
Bandwidth  Product  Surface-Wave  Pulse  Com¬ 
pressor  Employing  Reflective  Gratings", 
Electron  Lett.,  Vol.  8,  p  401,  (1972). 

4.  R.C.  Williamson  and  H.I.  Smith,  "The  Use  of 
Surface-Elastic-Wave  Reflection  Gratings  in 
Large  Time-Bandwidth  Pulse-Compression  Filter^' 
IEEE  Trans.  Microwave  Theory  Tech.,  Vol. 

MIT-21,  p  195,  (1973). 

5.  M.B.  Schulz  and  M.G.  Holland,  "Materials  for 
Surface  Acoustic  Wave  Components",  IEE  Conf . 
Publ.  109,  pi,  (1973). 

6.  P.C.  Meyer  and  M.B.  Schulz,  'Temperature 
Effects  in  Reflective  Surface-Acoustic-Wave 
Delay  Lines",  Electron  Lett.,  Vol.  9,  p  523, 
(1973). 

7.  P.C.  Meyer  and  M.B.  Schulz,  "Reflective 
Surface  Acoustic  Wave  Delay  Line  Material 
Parameters",  1973  Ultrasonics  Symposium 
Proceedings,  p  500,  (IEEE,  New  York,  1973). 

8.  A.J.  Slobodnik,  Jr.,  "The  Temperature  Co¬ 
efficients  of  Acoustic  Surface  Wave  Velocity 
and  Delay  on  Lithium  Niobate,  Lithium  Tanta- 
late,  Quartz,  and  Tellurium  Dioxide",  APCRL- 
TR-72-0082  (1971). 


403 


9.  A.J.  Slobodnik,  Jr. ,  E.D.  Conway,  and  R.T. 
Delmonico,  Microwave  Acoustics  Handbook,  Vol.  1A, 
Surface  Wave  Velocities",  AFCRLr-TR-73-0597  (1973). 

10.  R.M.  O'Connell  and  P.H.  Carr,  "High  Piezoelectric 
Coupling,  Temperature  Compensated  Cuts  of  Berlinite 
A1  POa,  for  SAW  Applications",  IEEE  Trans,  on 
Sorties  and  Ultrasonics,  Vol.  SU-24,  p  376,(1977). 

11.  R.  Bechmann,  A.D.  Ballato,  and  T.J.  Lukaszek, 
"Higjier-Order  Temperature  Coefficients  of  the 
Elastic  Stiffnesses  and  Compliances  of  Alpha- 

v  Quartz",  Proc.  IEEE,  Vol.  5,  p  1812,  (1962). 

INPUT  TRANSDUCER  REFLECTIVE  GRATING 
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125.87 
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0.51 
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0.0 

125.87 
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0.0 

3267 

0.51 

-  3.46 

ST-Cut 

0.0 

132.75 

0.0 

0.0 

3158 

0.58 

0.0 

Table  I.  Comparison  of  the  SAW  properties  along  the  attractive  orthogonal  directions  of  the  new  RAC 
cut  with  those  of  the  ST-Cut  of  quartz. 


A  TCD  (ppm/°C) 

AA  =  i° 

-1.3 

Ay«=  1° 

-0.97 

A6  =  1° 

+3.2 

Table  II  The  effect  on  the  TCD  of  the  new  cut 
resulting  from  a  1°  shift  in  each  of 
the  defining  Euler  angles. 
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Summary 

An  experimental  quartz  oscillator  has  been  de¬ 
signed  to  take  advantage  of  the  SC  cut  crystal . 

The  crystal,  manufactured  by  Hewlett-Packard,  is  a 
10  MHz  third  overtone  SC  cut  used  as  a  single-mode 
resonator.  The  crystal  temperature  is  controlled 
by  a  single  oven  and  the  oscillator  is  housed  in 
a  5  x  6  x  7  cm  package.  The  design  of  the  experi¬ 
mental  oscillator  is  discussed  in  another  paper 
entitled  "Design  Aspects  of  an  Oscillator  Using 
the  SC  Cut  Crystal". 

Introduction 

1-5 

The  characteristics  of  the  SC  cut  crystal 
have  held  great  promise  for  an  improved  level  of 
oscillator  performance.  Early  tests  of  the  SC  cut 
in  modified  hp  10544  oscillators  gave  encouraging 
results.  To  further  explore  the  benefits  of  the 
SC  cut  and  to  test  out  other  oscillator  ideas, 
an  experimental  oscillator  was  designed.  The 
performance  of  this  experimental  oscillator  helped 
to  answer  some  basic  questions  regarding  the  use¬ 
fulness  of  the  SC  cut  crystal: 

1.  The  SC  cut  is  relatively  insensitive  to 
thermal  transient  effects.  Will  the 
resulting  improvement  in  time  domain 
stability  be  offset  by  the  increased 
flicker  floor  due  to  the  lower  crystal  Q? 

2.  Since  the  SC  cut  crystal  resistance  is 
much  higher  than  that  of  a  BT  cut  crystal , 
will  crystal  drive  limitations  result  in 
increased  phase  noise? 

3.  With  thermal  transient  effects  greatly 
reduced,  how  fast  can  an  SC  cut  oscillator 
be  warmed  up? 

4.  What  will  aging  be  like? 

Warm-Up 

Warm-up  time  is  the  time  span  from  the  appli¬ 
cation  of  oscillator  power  to  the  point  where  the 
oscillator  output  frequency  is  stable  within  a 

specified  relative  accuracy.  In  our  data,  we  have 
defined  warm-up  as  the  time  to  achieve  a  frequency 
accuracy  of  +  5  x  10'9  relative  to  the  oscillator's 

stabilized  frequency  12  hours  later.  Figure  1 

shows  a  curve  of  the  warm-up  time  of  experimental 
oscillator  §2  versus  its  warm-up  power.  For  per¬ 


spective,  several  data  points  are  plotted  for  an 
hp  10544B.  The  dramatic  improvement  is  largely 
due  to  the  improved  thermal  transient  character¬ 
istics  of  the  SC  cut  crystal  compared  to  the  BT 
cut  used  in  the  hp  10544B. 

Warm-up  time  consists  of  two  stages,  cutback 
time  and  settling  time.  Cutback  time  is  the  time 
required  to  heat  the  oscillator  oven  to  its  re¬ 
quired  temperature  at  which  time  the  oven  controll¬ 
er  reduces  (or  cuts  back)  power  to  the  oven. 

Settling  time  is  the  time  required  for  the  small 
temperature  changes  in  the  oven  to  settle  out  and 
the  crystal  and  components  to  recover  from  the 
thermal  shock.  Cutback  time  is  determined  by  the 
power  applied,  the  thermal  capacitance  of  the  oven, 
and  the  thermal  insulation  around  the  oven.  The 
cutback  time  in  the  experimental  oven  was  reduced 
about  50%  by  reducing  the  thermal  capacitance  and 
by  increasing  the  thermal  insulation.  Also,  another 
difference  between  the  experimental  oscillator  and 
the  10544B  is  in  the  settling  times.  Figure  2 
shows  a  warm-up  plot  for  a  10544  with  a  BT  cut 
crystal  (the  system  resolution  of  2  x  10"3 4 * * * * 9  causes 
the  stepped  nature  of  the  data.  The  actual  response 
is  quite  smooth).  Notice  how  the  frequency  over¬ 
shoots  considerably  before  settling  down.  This  is 
due  to  the  crystal's  thermal  transient  response  to 
the  rapid  increase  in  temperature.  Increasing  the 
warm-up  power  increases  the  frequency  overshoot 
causing  even  longer  settling  times.  A  point  is 
soon  reached  where  the  reduction  in  cutback  time  is 
offset  by  an  equal  increase  in  settling  time  making 
furtner  improvement  in  overall  warm-up  time  impos¬ 
sible. 

Figure  3  shows  the  warm-up  curve  of  an  early 
SC  cut  in  a  10544  oscillator  (and  at  a  higher  warm¬ 
up  power).  Notice  the  lack  of  an  overshoot.  Un¬ 
like  the  hp  10544  with  its  BT  cut  crystal,  the 
experimental  oscillator’s  warm-up  time  may  be  rea¬ 
sonably  approximated  by  the  cutback  time  for  warm¬ 
up  times  greater  than  2  minutes.  As  shown  in 
Figure  1,  the  actual  data  flattens  out  at  a  minimum 
time  of  about  1.8  minutes.  The  cause  for  this  min¬ 
imum  is  not  proven,  but  is  believed  to  be  due  to 
thermal  effects  in  the  electronics  and  not  the 
crystal . 

Temperature  Coefficient 

The  static  temperature  coefficient  of  experi¬ 
mental  oscillator  #1  is  shown  in  Figure  4  compared 
to  an  hp  10544B.  The  improvement  in  temperature 
coefficient  is  due  to  the  lower  crystal  temperature 


coefficient  of  the  SC  cut  plus  greatly  improved  oven 
design.  Figure  5  shows  the  relative  temperature  co¬ 
efficients  for  the  AT,  BT,  and  SC  cut  crystals  near 
their  turnover  temperatures.  The  effect  of  the  SC  cut 
is  especially  dramatic  for  ovens  whose  temperature 
is  off  more  than  0.5°  from  the  crystal  turnover  temper- 
ature. 

Normally,  oscillator  temperature  coefficient 
refers  to  static  temperature  coefficient.  However, 
the  dynamic  or  transient  effect  can  be  important. 

Figure  6  is  a  plot  showing  the  effect  of  changing 
the  ambient  temperature  of  an  experimental  oscillator 
and  a  10544B  both  in  the  same  temperature  chamber. 

The  experimental  oscillator  is  the  stable  trace  at 
the  top  of  Figure  6.  Notice  the  smooth  response  to 
temperature  change.  In  contrast,  notice  the  thermal 
transient  overshoot  of  the  10544B.  It  nearly  spans 
the  full-scale  frequency  change  scale  of  1  x  10‘8. 

Also  interesting  are  the  apparent  oscillations  on  the 
10544B  trace.  They  are  actually  the  thermal  transient 
response  to  the  small  temperature  changes  in  the 
chamber  as  the  temperature  chamber  cycles  to 
maintain  a  fixed  temperature.  The  data  in  Figure  6 
makes  clear  the  dramatic  improvement  in  both  static 
and  dynamic  temperature  response.  Of  course,  slowing 
down  the  rate  of  ambient  temperature  change  will  re¬ 
duce  the  magnitude  of  the  overshoots. 

Low  steady-state  power  consumption  in  the  experi¬ 
mental  oscillator  was  achieved  by  increasing  the 
thermal  insulation  and  putting  the  control  transistors 
inside  the  oven.  Figure  7  shows  a  comparison  of  the 
steady-state  oven  power  between  experimental  Ojcil la- 
tor  #1  and  10544B.  The  major  difference  between  the 
two  curves  is  due  to  the  location  of  the  control 
transistors.  The  10544B  uses  a  resistive  winding  to 
heat  the  oven;  the  heater  winding  current  is  con¬ 
trolled  by  and  passes  through  a  control  transistor 
located  outside  the  oven.  This  external  control  tran¬ 
sistor  causes  the  nonlinear  oven  power  characteristic 
as  well  as  high  power  consumption.  The  "A"  version 
of  the  10544  uses  a  more  power  efficient  design  which 
keeps  power  consumption  low  in  the  control  transistor 
by  switching  at  3  KHz.  The  switching  does  give  spur¬ 
ious  frequencies  which  are  unacceptable  in  some  appli¬ 
cations.  The  experimental  oscillator  combines  the 
best  of  both  characteristics  by  eliminating  the  heater 
winding  and  using  two  control  transistors  to  heat  the 
oven  with  dc  current  only. 

Noise 

Oscillator  noise  may  be  considered  as  random  and 
periodic  processes  and  may  be  viewed  in  either  the 
time  domain  or  the  frequency  domain.  When  viewed  from 
the  frequency  domain  as  in  a  phase  noise  plot,  the 
continuous  random  and  discrete  periodic  components 
are  easily  separable.  In  the  time  domain,  as  in  a 
plot  of  the  two  sample  deviation  (square  root  of  Allen 
variance),  <jy(T),  the  discrete  spurious  frequencies 
are  not  so  easy  to  separate  and  are  often  mistaken  for 
a  higher  value  of  random  noise.  Figure  8  shows  the 
time  domain  stability  plot  for  oscillator  #1  vs  §2, 
showing  the  combined  noise  of  both,  with  no  two 
oscillator  correction  factor  applied.  Figure  9  com¬ 
pares  the  experimental  oscillator  performance  with 
the  time  domain  stability  of  a  10544B.  The  upward 
slope  of  the  10544B  after  x=0.4  seconds  shows  the 
effect  of  the  thermal  transient  sensitivity  of  the  BT 
cut  crystal.  Shielding  the  10544B  from  thermal 
variations  by  putting  It  in  a  box  or  otherwise  pro¬ 
tecting  it  from  air  currents  will  reduce  the  noise 
in  that  region.  In  this  same  region,  the  experimental 
oscillator  is  quite  flat  due  to  the  insensitivity 
of  the  SC  cut  crystal  to  thermal  transients.  The  flat 
region  is  the  "flicker  floor",  so  called  because  this 


power  law  noise  process  corresponds  to  the  flicker 
frequency  modulation  noise  of  the  frequency  domain. 

The  hp  10544B  data  does  not  show  that  flat  flicker 
floor  region  due  to  masking  by  the  dominant  thermal 
transient  effects.  The  actual  flicker  floor  lies  at 
or  below  the  1 0544B ’ s  minimum  data  point.  The  experi¬ 
mental  oscillators'  flicker  floor  is  therefore  higher 
than  that  of  the  10544B.  This  is  not  unexpected  since 
the  SC  cut  crystal  has  a  lower  Q  than  the  BT.  Histor¬ 
ically,  though,  unit  to  unit  var'  tions  in  flicker 
floor  would  not  allow  any  hard  conclusions  on  relative 
flicker  floor  levels  based  on  a  sample  of  one  compari¬ 
son. 

Figure  10  shows  the  combined  phase  noise  of  exper 
mental  oscillator  §2  vs.  a  reference  oscillator.  (The 
reference  oscillator  is  a  highly  modified  hp  10544B 
using  a  BT  cut  crystal).  Asymptotes  were  drawn  to  show 
the  dominant  power  law  noise  processes.  The  asymptotes 
were  then  added  together  to  form  the  smooth  curve  that 
runs  through  the  data.  The  roll-off  at  2  Hz  is  caused 
by  the  gain  roll-off  of  the  phase  noise  measurement 
system.  The  noise  contribution  of  the  reference 
oscillator  is  no  more  than  2  dB  from  1  Hz  to  10  Hz  and 
above  10  Hz  it  is  less  than  1  dB.  The  measurement  sys¬ 
tem  noise  contribution  is  negligible.  Its  floor  is 
-173  dB,  and  closer  into  the  carrier  the  system  phase 
noise  is  more  than  10  dB  below  the  measured  data. 

Aging 

The  aging  rates  of  the  two  experimental  oscilla¬ 
tors  were  2  and  5  parts  in  10‘8  per  day.  Oscillator 
#1  achieved  2  x  10_1°  per  day  after  one  week  aging  and 
oscillator  it 2  achieved  5  x  1 0“ ' 0  per  day  after  three 
weeks  of  aging. 
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Figure  5.  Crystal  Temperature  Performance  Close  to  the  Turnover  Temperature 
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Figure  8.  Time  Domain  Stability  of  Experimental  Oscillator  #1  vs  #2 
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Figure  9.  Time  Domain  Stability  Comparison  Between  HP  10544B 
and  Experimental  Oscillators 
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Summary 

An  experimental  oscillator  has  been  designed 
to  take  advantage  of  the  SC  cut  crystal  as  well  as 
to  improve  other  areas  of  oscillator  performance 
relative  to  the  hp  10544  oscillators.  The  oscilla¬ 
tor  is  a  single  oven  design  using  a  10  MHz,  third 
overtone  SC  cut  crystal  as  a  single-mode  resonator. 
Performance  data  is  given  in  the  preceding  paper 
entitled  "Performance  Results  of  an  Oscillator 
Using  the  SC  Cut  Crystal". 

Introduction 

In  recent  years  there  have  been  a  number  of 
papers  describing  the  doubly  rotated  SC  cut  crystal 
and  its  properties.1-5  Among  these  properties 
are  multi-mode  capability,  low  static  temperature 
coefficient,  reduced  sensitivity  to  certain  mech¬ 
anical  stresses,  and  insensitivity  to  thermal  tran¬ 
sients.  This  new  crystal  was  the  starting  point 
for  an  experimental  oscillator  design.  The  design 
objective  was  to  use  the  SC  cut  to  build  an  experi¬ 
mental  10  MHz  high  performance  component  quartz 
oscillator  similar  in  size  and  function  to  the 
hp  10544  type  oscillators. 

The  multimode  capability  of  the  SC  cut  consists 
of  three  thickness  modes,  A,  B,  and  C,  and  their 
overtones.  The  A  mode  is  of  little  interest.  The 
B  mode  has  a  substantial  and  approximately  linear 
temperature  coefficient  while  the  C  mode  can  have  a 
very  low  temperature  coefficient  in  the  vicinity 
of  a  turnover  or  inflection  point.  These  two  shear 
modes  are  orthogonal  to  each  other  and  thus  may  be 
run  simultaneously  and  independently.  These  pro¬ 
perties  can  be  used  in  a  "dual  mode"  oscillator  in 
which  the  C  mode  is  the  reference  frequency  and  the 
B  mode  provides  temperature  information  about  the 
quartz  crystal  itself.  5  However,  dual  mode  oper¬ 
ation  has  the  disadvantage  of  discrete  spurious  out¬ 
puts  at  the  B  mode  frequency.  In  our  case,  the  10 
MHz  C  mode  is  accompanied  by  a  10.9  MHz  B  mode  and 
a  900  kHz  difference  frequency.  For  this  reason 
it  was  necessary  to  suppress  the  A  and  B  crystal 
modes  and  hold  the  crystal  temperature  tightly  with 
an  oven. 

Figure  1  shows  a  block  diagram  of  the  total 
oscillator.  The  oscillator  loop  includes  a  10  MHz 
SC  cut  crystal  which  is  mode  suppressed  to  allow 
only  C  mode  operation.  The  buffer  stage  transfers 
the  10  MHz  signal  to  the  output  stage  while  isola¬ 
ting  the  oscillator  loop  from  output  effects.  The 


buffer  stage  also  drives  the  AGC  (automatic  gain 
control).  The  AGC  holds  the  output  level  constant 
but  more  importantly  holds  crystal  current  constant 
to  prevent  frequency  changes  due  to  drive  level 
variations.  The  oven  controller  circuitry  monitors 
the  temperature  of  a  thermistor  embedded  in  the 
oven  mass,  and  accurately  controls  the  temperature 
by  applying  power  to  the  two  heaters.  The  specific 
oven  temperature  depends  on  the  individual  crystal 
and  is  about  82^C.  Because  of  their  power  dissi¬ 
pation,  the  output  amplifier  and  the  oven  control¬ 
ler  are  left  outside  the  oven. 

Mode  Suppression 

The  SC  cut  crystal  is  capable  of  resonating  in 
many  different  modes.  The  crystal  we  used  was  cut 
for  a  third  overtone  C  mode  resonance  at  10.0  MHz. 
The  third  overtone  B  mode  is  above  this  at  10.9  MHz. 
Below  10  MHz,  the  next  mode  is  the  fundamental  A 
mode  at  7  MHz  and  further  below  that,  the  strong 
fundamental  B  and  C  modes.  As  with  other  overtone 
crystals,  the  fundamental  modes  will  dominate  if 
they  are  not  suppressed.  This  leads  to  the  common 
high  pass  mode  suppression  techniques  such  as  low 
pass  traps  or  tanks.  The  high  pass  techniques  are 
not  sufficient  to  suppress  any  modes  above  the 
desired  frequency  such  as  the  third  overtone  B  mode 
at  10.9  MHz.  One  way  to  implement  a  bandpass  mode 
suppression  is  illustrated  in  Figure  2.  The  capa¬ 
citive  shunt  arms  Cg  and  C3  are  replaced  with  paral¬ 
lel  and  series  tank  circuits.  By  properly  selecting 
the  component  values,  the  conditions  for  oscillation 
will  occur  over  a  selected  band  of  frequencies.  This 
frequency  band  is  from  wp  to  Wj,  where  «p  is  the 
resonant  frequency  of  the  parallel  tank  circuit  and 
ujs  is  the  resonant  frequency  of  the  series  tank  cir¬ 
cuit.  This  circuit  is  described  here  and  shown  in 
Figure  3.  At  frequencies  below  «p  the  parallel  tank 
looks  inductive  and  the  series  tank  looks  capacitive. 
With  one  shunt  arm  inductive  and  the  other  shunt 
arm  capacitive,  it  is  not  possible  to  produce  in- 
phase  feedback  for  oscillation.6 

At  frequencies  above  ws,  the  result  is  similar. 
Here  the  parallel  tank  looks  capacitive  and  the  ser¬ 
ies  tank  looks  inductive.  Again,  no  oscillation  is 
possible  due  to  the  mixed  capacitive  and  inductive 
shunt  arms.  At  mid-frequencies  (inside  the  band¬ 
pass)  the  frequency  is  above  the  parallel  tank  re¬ 
sonance  and  below  the  series  tank  resonance.  Thus, 
both  shunt  arms  are  capacitive  and  the  circuit  is 
capable  of  producing  the  proper  phase  shift  for  os¬ 
cillation.  If  the  crystal  has  a  resonant  mode  in¬ 
side  the  passband  and  the  loop  has  enough  gain,  the 


411 


circuit  will  oscillate. 

Implementing  such  a  mode  suppression  is  best  illus¬ 
trated  by  calculating  actual  circuit  values  used  in" an 
oscillator.  For  this  oscillator  the  desired  oscilla¬ 
tion  frequency  is  the  third  overtone  C  mode  at  10  MHz. 
The  closest  interfering  modes  are  the  third  overtone  B 
mode  at  10.9'MHz  and  the  fundamental  A  mode  at  7  MHz. 
Picking  bandpass  limits  comfortably  inside  these  points 
gives  desired  upper  and  lower  frequencies  of  10.6  MHz 
and  8  MHz.  Loop  gain  and  sensitivity  considerations 
determine  the  desired  equivalent  capacitances  of  the 
shunt  arms  (at  the  oscillation  frequency).  For  this 
circuit,  they  are  60  pF  and  4nF  for  Cg  and  C,  respec¬ 
tively.  *'  “ 

where  f  -  8  MHz 

and  Cg  -  60  pF  at  fj  =10  MHz. 

These  equations  for  a  parallel  tank  circuit  can  be  man¬ 
ipulated  to  solve  for  Lx  and  Cx, 

i  =  J_  r_!_  -  1  \ 

x  ^2  <»>i  2 

C  =  C,  +  ■  -J  ■ 
x  2  aj"!  2  Lx 


Substituting  in  the  above  values  for  f  and  C~  and  sol¬ 
ving  for  Lx  gives  p  c 

ideally,  Lx  =  2.37  x  10'6  H. 

or  choosing,  Lx  =  2.2  pH. 

therefore  sets,  Cx  =  180  pF  and  Cg  =  65  pF 

The  series  tank  is  calculated  in  a  similar  manner 
where  f$  =  10.6  MHz 


and  C3  =  4nF  at  f]  =  10  MHz 


thus  ideally,  Ly  =  0.51  x  10'6  H. 


or  choosing,  Ly  =  0.47  pH 

therefore  sets  C  =  480  pF  and  C,  =  4.4  nF. 

The  final  mode  suppression  circuit  is  shown  in  Figure  4. 

For  the  bandpass  mode  suppression  to  work,  it  is 
not  important  which  type  of  tank  circuit  (series  or 
parallel)  replaces  C~  as  long  as  C,  is  replaced  by 
the  other  type  of  tank  circuit.  In  fact,  the  mode 
suppression  may  be  lumped  into  only  one  shunt  arm, 
the  other  left  as  a  capacitor.  Figure  5  shows  such  an 
arrangement  where  the  shunt  arm  appears  capacitive  only 
over  a  band  of  frequencies.  Another  arrangement  of 
this  one  arm  technique  is  shown  in  Figure  6.  Again, 
these  one  arm  mode  suppression  networks  may  be  used 
to  replace  either  C3  or  as  desired. 

Phase  Noise 


When  considering  the  phase  noise  of  an  oscillator, 
it  is  convenient  to  consider  the  total  oscillator  as 


being  composed  of  two  parts,  an  oscillating  loop  sec¬ 
tion  and  a  buffer  amplifier  section.  If  properly 
designed,  the  buffer  amplifier  section  contributes 
only  1/f  and  white  phase  noise  and  the  oscillating 
loop  section  contributes  only  1/f3  and  1/f^  phase 
noise  processes.  It  is  the  filter  action  of  the  cry¬ 
stal  that  provides  the  extra  1/f 2  factor  for  the 
oscillating  loop  section. 


The  method  of  extracting  the  signal  from  the  oscil¬ 
lating  loop  is  very  important  in  achieving  good  phase 
noise.  Since  the  crystal  is  a  very  good  filter,  the 
crystal  current  is  a  very  clean  signal.  One  simple 
way  to  cleanly  extract  the  signal  is  shown  in  Figure 
7  and  was  used  on  the  hp  10544  oscillator.  A  capacitor 
is  placed  in  series  with  the  crystal  so  that  the  cry¬ 
stal  current  flows  through  the  capacitor.  The  voltage 
across  the  capacitor  is  proportional  to  the  crystal 
current  and  is  used  to  drive  the  buffer  amplifier  stage 
All  the  oscillator  loop  noise  (except  crystal  noise) 
is  filtered  by  the  crystal.  The  output  voltage  level 
is  proportional  to  the  capacitor  impedance  and  the 
crystal  drive  current.  For  a  good  signal  to  noise 
ratio  in  the  buffer  stage,  it  is  desirable  to  make 
the  loop  output  voltage  large.  One  way  to  increase  the 
loop  output  voltage  is  to  decrease  the  capacitance. 

This  becomes  a  problem  because  as  this  capacitor 
approaches  the  value  of  the  tuning  capacitance,  it  se¬ 
verely  restricts  tuning  range.  A  compromise  is  re¬ 
quired  to  balance  the  tuning  range  and  noise  require¬ 
ments. 


Ir.  the  experimental  oscillator,  a  new  approach 
was  taken.  The  circuit,  shown  in  Figure  8,  allows 
the  capacitor  to  be  made  small  without  affecting  the 
tuning.  The  crystal  current  is  run  through  a  common 
base  stage  which  in  turn  feeds  the  crystal  current  to 
the  capacitor.  The  amplifier  isolates  the  capacitor 
from  the  tuning  circuits  since  the  oscillating  loop 
sees  the  amplifier  as  an  impedance  of  ,  +  r^'^ 

e  ~g- 


This  is  small  compared  to  the  crystal  resistance  and  so 
it  does  not  affect  the  crystal  Q  significantly.  Since 
the  capacitor  is  no  longer  in  series  with  the  tuning, 
it  may  be  made  quite  low  to  get  a  large  loop  output 
voltage.  The  other  factor  affecting  the  voltage  is 
the  crystal  current.  A  value  of  1  mA  was  chosen  giving 
a  crystal  dissipation  of  50  pW. 


Oven  Power  Consumption 


An  important  oven  design  requirement  was  to  reduce 
the  normal  operating  power  consumption  to  below  that  of 
the  hp  10544B,  while  still  utilizing  a  linear  control¬ 
ler.  The  10544B,  with  a  linear  controller,  requires 
4.5  W  of  oven  power  in  an  ambient  temperature  of  25°C. 
Because  this  oven  uses  a  resistive  heater,  at  25°C, 
about  half  of  this  power  is  dissipated  in  the  pass 
transistor  located  on  the  outside  of  the  package.  This 
power  is  effectively  wasted.  To  eliminate  this  wasted 
power,  the  experimental  oscillator  employs  two  Darling¬ 
ton  transistors  as  heaters  (Figure  9).  The  heaters 
Qj  and  Q2  are  bolted  to  the  oven  cavity.  Rj,  a  small 
valued  resistor,  develops  a  voltage  V,  whicn  is  pro¬ 
portional  to  the  heater  current.  This  voltage  is  used 
to  limit  the  warm-up  current  and  provide  feedback  for 
the  main  oven  control  loop.  During  warm-up,  for 
Vqq  =  20  V  and  In  =  0.4A,  R,  dissipates  about  1?  of  the 
total  oven  power.  While  R-j 1  i s  not  located  in  the  oven 
cavity,  it  is  on  a  PC  board  within  the  foam  insulation 
and  therefore  its  power  is  utilized  in  warming  the 
oven  cavity. 


The  thermal  resistance  between  the  oven  cavity 
temperature  and  the  ambient  temperature  is  25%  higher 
than  that  in  the  hp  10544B.  This  was  accomplished  by 
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reducing  the  physical  size  of  the  oven  assembly,  thus 
allowing  the  foam  insulation  to  be  slightly  thicker. 
The  result  of  these  efforts  is  an  ovenized  oscillator 
that  draws  less  than  2  watts  in  still  air  at  25°C. 

Warm-Up  Time 

The  warm-up  time  of  the  hp  10544B  oscillator  is 
limited  due  to  the  thermal  transient  behavior  of  its 
BT  cut  crystal.  The  warm-up  time  typically  is  10  min¬ 
utes  to  5  x  10“’  of  the  12  hour  value  for  VCq  =  20 V 
(8  watts).  Because  the  SC  cut  crystal  is  much  less 
sensitive  to  thermal  transients,  the  warm-up  time  for 
the  experimental  oscillator  is  limited  by  the  most 
temperature  sensitive  electronic  components  and  of 
course,  the  thermal  capacitance  of  the  oven  assembly. 
To  minimize  total  thermal  capacitance,  and  to  improve 
heat  transfer  to  the  electronics,  the  oven  assembly 
was  made  as  compact  as  possible  (see  Figures  12,  13). 
The  oven  cavity  and  lids  are  made  of  aluminum  while 
the  oven  cavity  in  the  hp  10544B  is  made  of  copper. 
Aluminum  has  a  lower  thermal  capacitance  per  volume 
than  copper  by  a  factor  of  0.76.  The  most  temperature 
sensitive  components  are  located  on  the  two  PC  boards 
which  are  folded  into  the  oven  cavity.  When  the  two 
lids  are  screwed  in  place,  these  components  are  sur¬ 
rounded  by  heated  aluminum  walls. 

Because  power  transistors  are  used  for  the  heat 
sources,  the  input  supply  voltage  and  current  require¬ 
ments  are  flexible.  Warm-up  current  Iy,  is  set  with 
resistors  R4  and  R5  and,  as  shown  in  Figure  9,  is 
independent  of  Vgc-  By  connecting  Point  A  to  Vqc 
instead  of  VR,  tne  warm-up  current  becomes  a  linear 
function  of  Vqc  and  as  such,  simulates  a  resistive 
heater  winding.  The  maximum  limit  on  IH  is  determined 
by  the  collector  current  limits  on  Qi  and  Q2.  Various 
values  of  Vcc  were  used  between  15V  and  35V  with  no 
degradation  in  oven  performance.  The  advantage  of  all 
of  this  is  that  any  combination  of  V(;r  and  Iy  within 
the  above  limits  can  be  utilized  by  this  controller  so 
long  as  the  power  dissipated  in  either  of  Qi  and  Q2 
does  Rot  exceed  20  watts.  This  limit  is  set  by  the 
maximum  allowable  junction  temperature  of  the  heater 
transistors.  The  warm-up  time  to  within  5  x  10“9  of 
the  frequency  12  hours  after  turn-on  was  measured  for 
the  two  experimental  oscillators.  The  warm-up  power 
was  set  at  8.0  watts.  The  average  time  was  3.5  min¬ 
utes  which  is  about  1/3  of  that  for  a  typical  hp 
10544B. 

Temperature  Coefficient 

In  an  ovenized  oscillator,  the  purpose  of  the 
oven  is  to  reduce  the  effect  of  ambient  temperature 
fluctuations  on  the  temperature  sensitive  components 
in  the  oscillator.  A  measure  of  the  ability  to  do 
this  is  termed  thermal  gain.  Thermal  gain  is  defined 
as  the  ratio  of  the  change  in  ambient  temperature  T^, 
divided  by  the  resultant  change  in  temperature  of 
the  region  in  the  oven  that  it  is  desired  to  control, 
T(;.  Thermal  gain  =  AT^y  .  In  the  experimental 

oscillator,  even  though  the  SC  cut  crystal  has  an 
improved  temperature  coefficient,  it  is  still  10  times 
more  temperature  sensitive  than  any  other  component 
in  the  oscillator.  This  means  that  if  all  of  the 
components  of  the  oscillator,  including  the  crystal, 
were  to  experience  the  same  temperature  change,  the 
resultant  change  in  frequency  due  to  the  crystal 
would  be  10  times  more  than  that  due  to  any  other  com¬ 
ponent.  It  follows  then  that  the  thermal  gain  to  the 
crystal  must  be  10  times  greater  than  the  thermal 
gain  to  the  rest  of  the  oscillator  electronics  for 
both  areas  to  contribute  equally  to  the  oscillator's 
temperature  coefficient. 


The  temperature  coefficient  of  the  crystal  varies 
according  to  the  difference  between  the  actual  crystal 
operating  temperature  and  the  turnover  temperature  of 
that  particular  crystal.  Turnover  temperature  is  the 
temperature  at  which  the  derivative  of  crystal  fre¬ 
quency  with  respect  to  crystal  temperature  is  zero, 
dAf 

i.e.,  — =  0.  (See  Figure  10.)  As  will  be  dis¬ 
cussed  later,  the  oven  provides  a  high  thermal  gain  to 
the  crystal.  The  combination  of  this  high  thermal  gain 
and  the  SC  cut  crystal's  lower  sensitivity  to  temper¬ 
ature  allowed  the  oven  temperature  to  be  set  merely  by 
installing  a  fixed  resistor.  This  resistor  was  chosen 
individually  for  each  of  the  two  experimental  oscilla¬ 
tors  based  on  the  particular  crystal's  turnover  temper¬ 
ature,  T0.  The  total  tolerance  with  this  process 
determines  how  far  the  oven  temperature  will  be  from 
the  crystal's  turnover  temperature.  A  worst-case  anal¬ 
ysis  of  all  the  tolerances  combined  yields  a  crystal 
temperature  coefficient  of  5  x  10“9/°C.  Since  the 
thermal  gain  to  the  crystal  (explained  below)  in  the 
experimental  oscillator  was  greater  than  1000,  the 
crystal's  maximum  contribution  to  the  overall  oscilla¬ 
tor  temperature  coefficient  was  less  tnan  5  x  10“'Z/°C. 

To  achieve  a  high  thermal  gain  to  a  particular 
region  in  a  structure,  i.e.,  the  crystal  in  the  oven 
cavity,  two  loop  ga’'ns  must  be  considered;  the  con¬ 
troller  loop  gain  (partially  electrical)  and  the  mech¬ 
anical  gain.  The  controller  loop  gain  can  be  defined 
as  the  resulting  change  in  heater  temperature  divided 
by  the  change  in  thermistor  temperature  assuming  it 
is  separate  from  the  heater.  This  gain  can  easily  be 
made  very  large,  and  in  the  experimental  oscillator  is 
about  IO5.  The  mechanical  gain,  like  thermal  gain,  is 
defined  as  the  change  in  ambient  temperature  divided 
by  the  resulting  change  in  crystal  temperature.  The 
mechanical  gain  is  a  function  of  the  thermal  properties 
of  the  structure,  the  locations  of  the  two  heaters,  and 
the  thermistor  location.  The  difference  between  mech¬ 
anical  gain  and  thermal  gain  is  as  follows:  the  ther¬ 
mal  gain  is  dependent  upon  both  the  controller  loop 
gain  and.  the  mechanical  gain  and  can  be  no  larger  than 
the  smaller  of  these  two.  If  it  can  be  assured  that 
the  controller  loop  gain  is  more  than  10  times  greater 
than  the  desired  thermal  gain,  the  resultant  thermal 
gain  approximately  equals  the  mechanical  gain.  This  is 
the  case  in  the  experimental  oscillator  since  the 
controller  loop  gain  was  designed  to  be  100  times  the 
desired  minimum  thermal  gain  of  1000.  Therefore,  with 
the  controller  defined,  it  then  was  necessary  to  locate 
the  heaters,  thermistor  and  crystal  such  that  the  mech¬ 
anical  gain  to  the  crystal,  AT  ambient, 

'AT  crystal, 

would  be  greater  than  1000. 

Normally,  when  one  heater  winding  is  the  only 
source  of  heat  for  an  oven,  the  crystal  and  thermistor 
must  mechanically  be  rearranged  on  a  trial  anu  error 
basis  until  the  desirable  mechanical  gain  is  obtained. 
And,  if  later  on  in  the  design  a  mechanical  change 
occurs,  this  may  change  the  thermal  behavior  of  the 
oven  enough  that  the  above  process  would  have  to  be 
repeated.  With  two  heaters,  adjusting  the  ratio  of 
the  power  dissipated  in  each  heater  transistor  achieves 
the  same  result  that  physically  moving  the  thermistor 
or  crystal  achieves.  With  the  first  experimental 
oscillator,  several  trials  were  required  initially 
to  locate  the  thermistor,  crystal,  and  heaters.  After 
that,  it  took  several  hours  to  "fine  tune"  the  oven 
to  a  thermal  gain  of  -  -10,000.  This  fine  tuning  was 
accomplished  by  adjusting  the  ratio  of  resistors  R? 
and  R3  (Figure  9).  Later,  when  the  second  oscillator 
was  constructed  using  a  mechanical  design  identical 
to  #1,  the  same  ratio  of  R2  to  Rj  was  used.  No  fur¬ 
ther  attempts  were  made  to  optimize  the  thermal  gain 
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of  the  second  oven.  The  thermal  gain  to  the  crystal 
was  measured  to  be  =  -3,000. 

Mechanical  Aspects 


A  combination  rigid-flexible  printed  circuit 
board  concept  was  implemented  in  the  experimental 
oscillators  to  evaluate  its  potential  for  future 
oscillator  development.  (Figure  11).  The  printed 
circuit  board  is  constructed  of  a  flexible  5  layered 
*  Kapton  and  copper  laminate,  cemented  to  a  standard  610 
fiberglass  stiffener.  The  stiffener  is  only  required 
for  mechanical  support  since  all  traces  and  pads  are 
contained  in  the  flexible  laminate.  Since  the  stiff¬ 
ener  boards  are  initially  part  of  a  single  large 
sheet,  it  is  possible  to  leave  small,  cut-away  tabs 
temporarily  connecting  the  individual  boards  to 
the  remaining  support  board.  Later  on,  these  tabs  are 
cut  with  a  pair  of  side  cutters  to  release  the  boards. 
While  still  connected  to  the  support  board,  the 
individual  boards  were  loaded  with  components  and  wave- 
soldered  in  the  conventional  manner. 

During  the  assembly  procedure,  no  hand  wiring 
was  required  to  interconnect  any  of  the  4  rigid  boards. 
The  edge  connector,  the  oven  controller  board,  and  the 
two  ovenized  boards  all  are  inherently  interconnected 
with  this  rigid-flexible  printed  circuit  board  concept. 
No  appreciable  problems  were  encountered  with  the 
rigid-flex  concept  suggesting  that  high  performance 
oscillator  development  may  be  a  viable  application  of 
this  new  technology. 
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Figure  1.  Oscillator  Block  Diagram 


Figure  2.  (al  Standard  Colpitis  Type  Oscillator  and 

lb)  The  Same  Oscillator  with  Two  Arm  Mode  Suppression 


Figure  3.  (a)  Low  Frequency,  (b)  High  Frequency,  and  Ic)  Passband  Frequency 
Equivalents  (or  the  Mode  Suppression  Circuit  of  Figure  2b. 
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Figure  11.  Rigid-Flexible  Printed  Circuit  Board 


Figure  13.  Mechanical  Detail  of  Experimental  Oscillator 
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Summary 

In  a  crystal  oscillator,  a  condition  is 
analyzed  that  wanted  frequency  oscillation  is 
caused  to  occur  but  unwanted  frequency  oscillation 
is  suppressed. 

In  this  analysis,  nonlinear  differential 
equations  are  set  up  from  an  oscillator  equivalent 
circuit,  taken  account  of  wanted  and  unwanted 
frequencies.  And  the  stationary  solution  is 
obtained  from  these  equations. 

Fron  this  stationary  solution,  it  is  shown 
that  wanted  frequency  oscillation  and  unwanted  one 
occur  respectively  in  accordance  with  oscillator 
condition.  And  the  condition  for  only  the  wanted 
frequency  oscillation  is  obtained. 

Furthermore,  this  analysis  is  experimentally 
proved  to  be  valid  by  measuring  oscillator  loop 
gain  depending  on  the  signal  amplitude  in  the  case 
that  the  wanted  signal  and  the  unwanted  one 
coexist  in  the  circuit,  and  by  observing  the 
oscillating  amplitude  transient  phenomena  under 
various  oscillator  conditions. 

Introduction 

A  quartz  crystal  resonator  has  an  infinite 
number  of  vibration  modes  because  it  is  a  distribu¬ 
ted  vibrating  system.  Hence  it  is  important  in 
the  design  of  a  crystal  oscillator  to  select  one 
and  only  mode  for  oscillation  and  to  suppress  all 
other  unwanted  modes. 

Useful  means  to  suppress  unwanted  oscillation 
have  been  to  reduce  the  loop  gain  of  an  oscillator 
circuit  for  unwanted  modes  and  to  increase  equiva¬ 
lent  resistances  of  unwanted  modes.  These  are  not 
quite  enough  to  suppress  an  unwanted  oscillation, 
when  the  unwanted  mode  is  located  in  a  close 
neighbourhood  of  the  wanted  mode.  This  is  espe¬ 
cially  true  for  simple  oscillator  circuits  without 
any  special  automatic  gain  control  (AGO). 

This  paper  presents  an  analysis  of  a  crystal 
oscillator  which  has  two  closely  located  modes  of 
vibration.  Curves  which  satisfy  the  condition  of 
unity  loop  gain  for  each  mode  are  obtained  as 
functions  of  the  amplitude  level  of  another  mode. 

An  unwanted  oscillation  is  likely  to  occur  when 
the  curves  cross  each  other. 


Experiments  show  a  good  agreement  with  results 
of  the  analysis.  A  method  for  measuring  loop  gain 
is  developed  when  signals  of  two  different  fre¬ 
quencies  coexist.  This  method  has  been  found  to 
be  a  convenient  way  to  select  oscillator  circuits 
as  well  as  crystal  resonators  which  have  enough 
margin  for  suppressing  unwanted  oscillation. 

Analysis 

Stationary  Solution  of  Oscillation  Amplitude 

A  Colpitts  type  crystal  oscillator  shown  in 
Fig.  1  is  analyzed.  Its  characteristics  can  be 
represented  by  the  equivalent  circuit  shown  in 
Fig.  2. 

Two  closely  located  nodes  of  vibration  are 
represented  by  two  resonant  circuits,  (Lj,  Cj, 

Rl)  and  (L2,  C2,  R2).  Only  the  nonlinearity  of  an 
amplifier  is  taken  into  account.  The  nonlinearity 
of  all  other  components  including  the  crystal 
resonator  is  neglected. 

The  nonlinear  amplitude  dependence  of  the 
amplifier  can  be  well  approximated  by  the  following 
equation.  Here  the  input  current  is  expanded  in 
terms  of  odd  powers  of  the  output  current. 

i2  =  -  E  a2n+i  •  i2n+1 
n=0 

The  inverse  function  is  expressed  as 

i  =  f(U) 

From  the  equivalent  circuit  in  Fig.  2,  the 
following  equations  are  obtained. 
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The  eliminating  of  i  ,  and  i  yields  the 
following  equations. 

if  +  aiii  +  Ui2ij  +  vj2i2  -  u,2d+k3ii)  =  0  (9) 
ij  +  0312  +  m22i2  +  ”22ii  -  U2^(-<'-3^)  =  0(10) 
kjdtit+ii)  -  (ij+i2)  -  k2(i+k3U)  =  0  (11) 

••here, 

ei  =  3L «24  =  _L_  _  v2i 

Tr~i  *  *■  CiXii.  *  ’ 

v2i  = 


(12) 


1  ..9  -  CL  ..-5. 

- ,  a  —  -  y-  ■* 

Li(Co+CL)  ’“Ca* 
v  .  CO  v  _  CO  .  Ca. 

_i  ~  1  Cl  ’  “2  Ca  »  “3~  Cb 

xt  =  BICb,  c£  =  c&  *  Cb  (i  =  2,  2) 


A  stationary  solution  is  obtained  by  assuring 
only  tvo  frequency  components  in  i ,  i j  and  i2  as 
follcvs; 

i  =  Ii  sin  (xjt+9 j )  +  I2  sin  (x2t+82)  (13) 

ii  =  In  sin  (^t+Sj+jii)*  I12  (x2t+82+/i2)  (XU) 

i2  =  I21  sin  (xxt+ei+^x)  +  I22  (x2t+92+^22)  (15) 

The  substitution  of  Eq.  (13)  into  Eq.  (l)  yields 
two  frequency  components  of  i^; 

“  ♦  Jo|*a2n+l(l?)n'P(lt>P 

(Kjpli  sin(xit+8i)+K2pI2  sin(x2t+02)}  (16) 

where. 


Kjp  =  22n  '  2n+lc 2p • 2 ( n-p ) +lcn-p • 2pc p 

1  1 

K2P  =  g2n  ‘  2n+lC2p+l ■ 2 ( n-p )C n-p ■ 2p+lCp  j 

These  equations  show  that  the  amplitude  of  each 
component  depends  on  the  amplitude  of  another 
component . 


The  nonlinear  differential  equations  Eqs. 

(2),  (9),  (10),  (11)  and  (12)  are  transformed  to 
algebraic  equations  by  approximating  of  the 
nonlinearity  (Eq.  (l))  and  assuming  the  stationary 
solution  (Eqs.  (13)  *  (15)).  These  algebraic 
equations  are  rearranged  concerning  the  stationary 
amplitude  of  the  amplifier  output  current  di, 

I2),  as  follows; 

[CLFj+k2Caij-  {  ksCLFj-Oci-kzksJCaAj  }  Njn]lj 
=  0  (J=l,2)  (18) 

[CLHj-(k3Ci,H3+kiT)lCaxJAj)NJn]lJ  =  0 

(j=l»2)  (19) 


r  (20) 


where, 

?^=v*{2(w«^y.J1iJ-31JS2J)-VjI32J-t2281J) 

+v!23  j  j  t^2  j4-^22o  )+T2232J  (  diO-i-Yi  j2  ) 

5j’sS'l2Tlj(S22j'*Y22j)'»V22Y2i(3l2J+TlJ2) 
-T‘{2Yio32j+2Y2j3iJ-vx2Y2J-V22'/i4} 

AJ=(3i2J+Yi2j)(322j+'f22j)+2v‘,(YijY2j 
-3iJ32J)-.-3 

Sii=--f  -Xf  ,  Yij=aixJ ,  *****  v? 

Sjs=Jl!=o  a2n+1  {Ii2)5"? 

(i  or  £  =  1,2)  J 

Since  a  crystal  resonator  has  a  high  Q  value 
generally,  the  following  equations  are  obtained 
from  Eqs.  (18)  (20)  concerning  oscillation 

frequencies  and  oscillation  amplitudes. 


Ereouene 


.  ._  u: 2+a'»2±  Ao,2^,2)2^ 
ncy:  a  j  — .  ■  —  — - “ - - 


(21) 


-=.  *i2. 


u2 


0=1,2) 

Amplitude:  IJ  jXj  a2a+i:CJp(li2)n~?  (l22)^j  =0 

(22) 

where, 

_ 1 _ 

J  k3+kl£CaCbu03Liy  “ &1  (23) 

0=1,2) 

The  solutions  (Ij ,  I2)  of  Eq.  (22)  are  stationary 
oscillation  amplitudes  of  the  wanted  frequency  uj 
component  and  the  unwanted  frequency  <J2,  respec¬ 
tively. 

These  solutions  (ij,  I2)  are  given  by  the 
four  solution  pairs  ([a]  a,  [d])  as  follows. 


(17)  Solution  [a]: 


Al-  nI1Di0  a^Kxpdx2)^  Cl22)P  =  0 


(20 

(25) 


I2=  0 
Solution  [b] : 

Il=  0  (26) 

Az-  Jlpl0  a2n+1K2p(I12)n-p  <I22)P  =  0  (27) 

Solution  [cj: 

ll=0  (28) 

I2=0  (29) 

Solution  [cl] : 

Al-  pl0  a2n+1Klp(I12)n-p  (I22)p  =  0  (30) 

A2-  pI0  a2n+1K2pdi2)n-p  (I22)p  =  0  (31) 

Moreover,  these  solutions  are  shown  in  the  coordi¬ 
nates  of  Ij  and  I2,  as  in  Fig.  3  (a)  or  (b).  In 
this  figure,  the  curves  I  ,  II  ,  III  and  IV 
show  the  equations  (30),  (31),  (29)  and  (28), 
respectively. 
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(37) 


Cscillatica  Amplitude  Coniitica 


In  the  case  that  a  '."anted  frequency  wj 
signal  and  an  unwanted  frequency  coexist  in  an 
oscillator  circuit,  oscillator  loon  gain  concerning 
each  frequency  signal  is  analyzed  as  follow;. 


A1  +  al 


al  +  _Mrj  a2nel(7j2)“  -(l22)‘£ip 


(22) 


G**  =  ' 


A2  +  ai 


al  +  _|5  ^idi2)"  -^22)*H2p 


{33) 


Vbsre,  Gj  is  the  loop  gain  at  the  frequency  ttj  and 
G,  at  the  frequency  —2-  Hjp,  ?r2p,  Aj  end  A2  are 
shaun  by  Eos.  (17)  and  (23). 


When  Gj  or  C*2  is  equal  to  1,  it  corresponds 
vita  Eq.  (30)  or  (31),  respectively,  Therefore 
the  curve  [l]  or  (II]  satisfies  the  condition  that 
the  loop  gain  at  the  frequency  tJj  or  is  equal 
to  1,  respectively.  And  the  inner  region  of  each 
curve  satisfies  the  condition  that  the  loop  gain 
is  larger  than  1,  and  the  outer  region,  snail er 
than  1. 


In  this  analysis,  the  condition  is  named 
"Oscillation  Amplitude  Condition"  that  the  signal 
amplitude  satisfies  the  unity  loop  gain,  like 
curve  [I]  or  (II]  of  Fig.  3  and  3q.  (30)  or  (31). 

Vhen  the  loop  gain  is  larger  than  1,  the 
oscillation  amplitude  increases.  If  smaller  than 
1,  it  decreases.  Accordingly,  solutions  (a]  and 
(b]  are  stable  and  solutions  (c]  and  (d]  are 
instable.  Ana  it  depends  on  the  oscillation 
starting  condition,  vhich  of  these  tvo  solutions 
[a]  and  [b]  becomes  steady  state. 

Therefore,  to  ensure  that  only  the  vanted 
frequency  Wj  oscillation  occurs,  curve  [l]  must 
cover  curve  [ll]  completely  as  Fig.  3  (b).  This 
condition  is  obtained  by  comparing  the  amplifier 
output  current  I2  of  curve  [l]  vith  one  of  curve 
( II] ,  vhen  Ij  is  equal  to  zero. 

In  the  case  that  the  tern  of  2n+l  order  nonlinea¬ 
rity  is  dominant,  the  condition  for  causing  only 
the  vanted  frequency  oscillation  is  as  the  next 
equation. 

A!  >  (n+i)A2  (3k) 


This  equation  is  transformed  to  Eq.  (35)  by  Eqs. 
(12)  and  (23). 


n  +  1 


§+  (l-t^)2CaCtwi2RlRt  j|+  (l4|5-)2CaClw22R2R2 


(35) 

-naj 


Cb 


CL 


Furthermore,  vhen  >>  Co  and  Ca=Cb,  this  equation 
is  transformed  as  follows. 


(l+nal )Y?Z  _  (n+l-nal )Yi2  + 
Rl  R2 


na1Y12Y22Rji 


(36) 


n(l-a< ) 
R2RlR2 


>  0 


where. 


Yjz  =  c;j2CaGb,  Y22  =  i.2zCa'Tc 

As  know  above,  in  order  to  cause  only  the 
vanted  frequency  oscillation  without  fail,  cot 
only  crystal  resonator  equivalent  resistance,  but 
various  other  oscillator  parameters  such  as 
amplifier  gain  and  amplifier  nonlinearity  should 
he  taken  into  account. 

The  condition  required  for  the  crystal  resonator 
equivalent  resistances  can  he  calculated  by  So. 
(36),  and  illustrated  as  in  Fig.  h. 

Experiment 


Experimental  Csc ilia tor  Circuit 


The  experimental  crystal  oscillator  circuit 
is  shown  in  Fig.  5-  The  amplifier  circuit  charac¬ 
teristic  is  obtained  by  the  measurement  circuit  as 
in  Fig.  6,  and  the  result  is  shown  in  Fig.  7- 
From  this  measurement  result,  the  constant  a2n+i 
of  the  oscillator  amplifier  nonlinearity  (Sc-  (l) ) 
is  obtained  by  converting  voltage  into  current 
through  the  amplifier  input  impedance  and  its  load 
impedance.  The  parameters  of  two  oscillator 
circuit  (OS CL,  GSC2)  are  shown  in  Table  1. 

The  Oscillation  Amplitude  Condition  concerning 
Ij  and  I2  is  calculated  by  substituting  these 
parameters  into  Eqs.  (30)  and  (31)-  These  Oscil¬ 
lation  Amplitude  Conditions  are  converted  concern¬ 
ing  amplifier  input  voltage  by  Eq.  (l6)  and  the 
amplifier  input  impedance.  The  converted 
Oscillation  Amplitude  Condition  is  shown  in  Fig. 

8.  Fig.  8  (a)  shows  that,  in  0SC1,  both  wanted 
frequency  oscillation  and  unwanted  frequency 
oscillation  occur  and  become  steady,  respectively. 
Fig.  8  (b)  shows  that,  in  0SC2,  only  the  wanted 
frequency  oscillation  becomes  steady. 

Experimental  Results 


These  analyses  are  experimentally  proved  to 
be  valid  through  the  following  measurement  and 
observation. 

Oscillator  Loop  Gain 


Oscillator  loop  gain  is  measured  by  the 
measurement  circuit  shown  in  Fig.  9-  The  oscil¬ 
lation  loop  is  opened  at  the  input  part  of  the 
amplifier  circuit.  Both  a  wanted  frequency  u>i 
signal  and  an  unwanted  frequency  w2  are  applied  to 
the  opened  amplifier  input  terminal  at  the  same 
time,  and  at  the  other  opened  terminal,  the  same 
impedance  (RL)  as  the  amplifier  input  one  is 
loaded.  And  both  amplitudes  are  measured  that 
satisfy  the  condition  of  unity  loop  gain  at  the 
frequency  W;  or  w2 .  Namely,  the  Oscillation 
Amplitude  Condition  is  experimentally  obtained. 

As  the  results,  the  measurement  values  show  a  good 
agreement  with  calculated  values.  They  are  shown 
in  Fig.  10. 
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Oscillation  Level  Locus 

Transient  phenomena  are  observed  by  using  the 
measurement  circuit  of  Fig.  11,  in  order  to  =2 he 
sure  that  the  steady  state  of  oscillation  level 
depends  on  the  oscillation  starting  condition. 

Various  oscillation  starting  conditions  are 
established  by  exciting  the  crystal  resonator 
previously  through  the  synthesiter.  And  the 
transient  phenomena  are  observed  concerning  the 
unwanted  frequency  amplitude  as  veil  as  the  wanted 
frequency  amplitude.  Photo.  1  shows  the  transient 
oscillation  level  obtained  by  the  Oscilloscope. 

Fig.  12  shows  the  oscillation  level  locus  obtained 
by  the  Y.-'i  recorder. 

After  ail,  it  depends  on  the  oscillation 
starting  condition,  which  of  the  wanted  frequency 
level  and  the  unwanted  frequency  becomes  steady. 
Maximum  values  of  the  oscillation  level  locus 
nearly  show  a  good  agreement  with  the  Oscillation 
Amplitude  Condition  curves. 

Measurement  of  Wanted  Frequency  Oscillation 
Condition 

To  make  sure  the  condition  (Eq.  (3M)  for 
only  the  wanted  frequency  oscillation,  the  oscil¬ 
lation  steady  states  for  various  oscillator 
conditions  are  observed  by  using  the  measurement 
circuit  of  Fig.  11. 

Tr.e  measurement  result  is  shown  in  Fig.  13. 

In  this  figure,  the  circle  marks  denote  that  the 
wanted  frequency  oscillation  is  stationary,  and 
the  cross  marks  denote  that  coth  wanted  frequency 
oscillation  and  unwanted  frequency  are  stationary, 
respectively. 

These  results  mean  that  only  the  wanted 
frequency  oscillation  is  stationary  when  Eq.  ( 3M 
is  satisfied,  and  the  availability  of  the  theoreti¬ 
cal  result  is  assured. 

0SC1  uses  a  crystal  resonator  whose  equivalent 
resistance  at  the  unwanted  frequency  is  smaller 
than  that  at  the  wanted  one.  In  such  type  of 
oscillator,  conventionally  it  was  very  difficult 
to  oscillate  only  the  wanted  frequency.  From  the 
result  of  this  analysis,  the  design  method  is 
given  by  which  even  this  kind  of  oscillator  is 
caused  to  occur  only  the  wanted  frequency 
oscillation. 

For  example,  0SC1  can  be  activated  to  cause  only 
the  wanted  frequency  oscillation  by  setting  up  the 
terminating  capacitor  Cb  more  than  390  pF. 

Conclusions 


And  the  availability  of  this  analysis  is 
assured  by  measuring  the  oscillator  loop  gain  and 
by  observing  the  transient  phenomena  of  the 
oscillation  level. 

Since  the  condition  for  suppressing  the 
unwanted  oscillation,  obtained  through  this 
analysis,  is  available  even  when  the  crystal 
equivalent  resistance  at  the  wanted  frequency  is 
near  to  that  at  the  unwanted,  it  is  widely  appli¬ 
cable  in  designing  crystal  oscillators. 

Various  measurement  and  observation  methods 
developed  for  experimentally  proving  this  analysis 
are  also  applicable  to  the  confirmation  test, 
whether  or  not  oscillator  circuits  have  enough 
margin  for  suppressing  unwanted  oscillation,  and 
contribute  to  the  quality  improvement  of  manufac¬ 
tured  oscillators. 
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Fig.  2  Equivalent  Circuit  of  Crystal  Oscillator 


Fig.  1  Crystal  Oscillator  Circuit 


i  Only  wi  Oscillation 


s'Ci\n=4 


v\' 

^-1‘vj 

^  i  V-. 

Oscillation  level  of  ojt  Component  It  Oscillation  level  of  on  Component  It 
(a)  fb) 

Fig.  3  Oscillation  Amplitude  Condition  Chart 


1/  No  oscillation 

*7 


YtJ  =1.12x10*4  u1 
YsI=1.23x10'4  O1 
Rt  =5  Q 
Rf  =1000 a 


Fig.  4  R2  /Ri  Ratio  for  Only  a  Wanted  Frequency 
Oscillation  (<wi) 


Fig.  5  Experimental  Crystal  Oscillator  Circuit 


Fig.  8  Calculated  Results  of  Oscillation  Amplitude 
Condition 


Photo.  1  (D\  and  (O2  Oscillation  levels  to  elapsed  time.  (OSC1) 
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Oscillator  under  test 


Fig.  9  Oscillator  Loop  Gain  Measurement  Circuit 


OSC1  OSC2 


Amplifier  input  level  of  an  component  (mV)  Amplifier  input  level  of  an  component  (mV) 
(a)  (b) 

Fig.  10  Experimental  Results  of  Oscillation 
Amplitude  Condition 


Fig.  .11  Oscillation  Level  Locus  Measurement  Circuit 
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A2 


Fig.  12  Experimental  Results  of  Oscillation 
Level  Locus 


Fig.  13  Measurement  Result  of  Wanted  Frequency 
Oscillation  Condition 


Table  1  Parameters  of  Experimental  Oscillators 


OSC  1 

OSC  2 

remark 

i, 

H 

30 

H 

c, 

1. 28X10-® 

pF 

1.28X10" 

JpF 

_  R’ 

179 

n 

162 

« 

1  ■ 

2.9 

H 

2.9 

H 

XL 

M25X10-® 

pF 

1.125X10"3 

pF 

114 

« 

169 

« 

c. 

4.5 

pF 

45 

pF 

MfJ 

2,560  kHz 

2.560  kHz 

MfJ 

2,785  kHz 

2.785  kHz 

Ca(&>i) 

739 

PF 

600 

pF 

Cd(«)=C 

RSI 

Ca(Gtf) 

£60 

pF 

720 

pF 

^=c!,-^cl 

Cb 

240 

pF 

200 

PF 

at 

0  07 

007 

AMP 

aj 

1.35x1 0s 

1.35X10’ 

R. 

1.0 

k« 

1.0 
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A  NON-ITERATIVE  SOLUTION  FOR  A  TWO-THERMISTOR  TCXO 


C.  T.  Swanson  and  E.  S.  McVey 


University  of  Virginia,  Charlottesville,  Virginia 


Theoretical  work  is  presented  on  optimum  error 
and  sensitivity  for  a  well  known  TCXO  network  con¬ 
taining  two  thermistors,  three  resistors,  and  a 
varactor.  Ideal  temperature  placement  for  zeros  of 
frequency  deviation,  as  well  as  thermistor  tempera¬ 
ture  coefficient  selection,  is  presented  using  a 
third-order  AT-type  crystal  model.  The  method  used 
yields,  without  iteration,  two  realizable  solutions 
predicting  frequency  compensation  to  parts  in  10“^ 
over  a  temperature  range  of  -55  to  60°C  for  an  ide¬ 
alized  situation. 


Introduction 


The  circuit  of  Fig.  1  is  well  known  [l ]  and  is 
used  by  industry  for  temperature  compensation  of 
crystal  oscillators.  Solutions  for  the  network 
presented  in  literature  suggest  an  iterative  pro¬ 
cedure  for  determining  the  values  of  the  compon¬ 
ents.  A  simpler  non-iterative  method  is  presented 
here  which  requires  crystal  parameters,  specified 
temperature  points  for  zero  error  in  desired  fre¬ 
quency,  and  thermistor  temperature  coefficients. 

method  used  generates  two  realizable  solutions, 
the  better  of  which  is  in  common  use  t.,3ay.  The 
other  solution  apparently  is  not  documented  in  lit¬ 
erature  but  is  presented  here  as  an  alternative. 

In  addition,  sensitivity  of  each  of  the  two  solu¬ 
tions  is  presented  as  well  as  the  effects  of  varac¬ 
tor  selection,  crystal-cut  angle,  and  input  volt¬ 
age.  The  work  presented  is  theoretical  (idealized) 
and  is  consequently  subject  to  the  inaccuracies  due 
to  factors  such  as  irregular  crystal  characteris¬ 
tics,  measurement  errors,  etc. 


Crystal  Models 


An  approximate  equivalent  model  of  a  crystal 
circuit  is  shown  in  Fig.  2.  The  shunt  capaci¬ 
tance  ,  series  capacitance ,  and  inductance  of  the 
crysal  are  represented  by  cQ,  cm,  and  L,  respec¬ 
tively.  An  external  capacitor  cx ,  is  placed  in 
series  with  the  crystal  for  circuitry  needs  and  to 
pull  the  frequency  over  a  range  of  a  few  parts  per 
million  (ppm)  for  compensating  purposes.  The  form 
of  this  capacitance  is  defined  by  the  elements  of 
Fig.  3.  The  frequency  behavior  of  the  crystal 
circuit  is  approximately 


,  flu. A?. 

f  2 (Co  +  C*)2 

_  PAC 
Cq  +  cx 


ppm 


(1) 


for  small  variations  in  load  capcitance,  AC,  about 
Cx.  The  quantity  P  in  ppm  is  defined  by  the  equa¬ 
tion  also.  As  is  well  known,  the  resonant  fre¬ 
quency  of  the  crystal  varies  as  a  function  of  tem¬ 
perature  and  it  is  this  undesired  variation  that  is 
to  be  compensated.  Bechmann  [2]  has  modeled  AT- 
type  crystals  with  the  third-order  polynomial  equa¬ 
tion 

M.  =  a(T  -  Ti)  +  b(T  -  Ti)2  +  c(T  -  Ti)3  ppm  (2) 

which  is  illustrated  in  Fig.  4  for  several  values 
of  angle  where 

a  =  -5.50  °C-1 

b  =  0.39  x  10'3  -  4.7  x  1O"30  °C~2 

c  =  109.5  x  10“6  -  2.0  x  lO-60  °C-3 

6  =  crystal-cut  angle  in  degrees  referenced 
to  AT-cut  zero  degrees 
T  =  actual  temperature  in  degrees  C 
Tp=  inflection  temperature  (approximately 
28°C) 

By  combining  (1)  and  (2),  an  expression  relating 
change  in  load  capacitance  about  Cj.  is  obtained  as 
a  function  of  temperature.  This  makes  Af/f  remain 
zero  for  all  temperatures  (within  the  accuracy  of 
the  approximations,  of  course).  It  is 

Cq  +  c 

AC  =  (-  — ~)  fa (T-Ti)  +  b(T-Ti)2  9-  c(T-Ti)3]pf  (3) 
External  Capacitor 

To  realize  AC  required  by  (3) ,  a  network  of 
two  capacitors  and  a  varactor  may  be  used,  as  shown 
in  Fig.  3,  where  Cp  is  variable  to  obtain  set  point 
adjustment,  C2  for  scaling  the  total  load  capaci¬ 
tance,  and  Cp  is  a  varactor  (or  tuning  diode)  used 
to  produce  the  AC  component.  Variation  of  voltage 
across  the  varactor  produces  capacitance  equal  to 


Cn  =  0.18  + 


a  .  &,»•« 


Pf 


(4) 


in  a  typical  case  where  Cco  is  the  zero  voltage 
value  of  capacitance  exclusive  of  the  0.18  pf  lead 
capacitance  . 

From  the  circuit  of  Fig.  3  and  (3)  and  (4),  an 
expression  for  the  voltage,  V,  required  by  the  var¬ 
actor  to  achieve  zero  change  in  frequency  over  a 
specified  temperature  range  is  obtained.  A  graphi¬ 
cal  representation  of  this  function  for  a  typical 
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set  of  parameters  is  given  in  Fig.  5. 

Resistor-Thermistor  Selection 

A  network  of  resistors  and  thermistors  is  de¬ 
sired  such  that  as  temperature  is  varied,  the  volt¬ 
age  curve  of  Fig.  5  will  be  reproduced.  A  network 
to  approximate  this  behavior  is  included  in  Fig.  1 
where  A,  B,  and  D  are  temperature-independent  re¬ 
sistors  and  C  and  G  are  thermistors  whose  resis¬ 
tance  is  of  the  form 


R  =  RoCr(T) 

Q,1  1  > 

=  Roe0<y-;jr>  (5) 

=  R0r[1763-58(i-  i-)] 

where 

Rq  =  resistance  at  298°K 

r  =  ratio  of  resistance  at  273°K  to 
that  of  323°K 

6  =  a  specified  thermistor  coefficent 
(1763.58  loger) 

T  =  temperature  variable  in  degrees  K 
Tc  =  298°K 


Defining  the  voltage  ratio  $  as  (vin“v0)A0  the  re¬ 
sistor-thermistor  network  equation  becomes 


A  +  BCSc(T) 

B  +  Cgc(T) 
D  +  G£g(T) 


(6) 


If  C  is  assigned  the  value  1  ohm  for  convenience, 
four  unknowns  remain  which  are  scaled  up  or  down 
with  changes  in  C.  The  value  of  r  (or  8)  for  each 
thermistor  must  be  given.  Calculation  of  the  un¬ 
knowns  may  be  achieved  by  specifying  four  tempera¬ 
ture  points  at  which  the  frequency  error  is  to  be 
zero  and  solving  the  resulting  four  circuit  equa¬ 
tions.  The  network  output  voltage  approximates  the 
values  required  at  temperatures  other  than  the  four 
temperatures  chosen.  The  basic  circuit  equation 
from  (6)  may  be  written  for  resistor  A  as 

BC£ 

A  =  $n(D  +  G£gn)  -  - -  n  =  1,2, 3, 4  (7) 

B  +  C£ 

cn 

where  $n  (defined  by  (6))  is  the  required  voltage 
ratio  to  the  varactor  at  temperature  Tn  and  £cn  and 
£gn  are  the  corresponding  thermistor  factors.  This 
yields  four  nonlinear  simultaneous  equations  to  be 
solved. 


The  following  equations  are  obtained  after 
successive  elimination  of  variables: 

mB2  +  pB  +  q  =  0  (8) 


where 

m  =  K5  +  K4+K3~l 


P  -  5ci(K4+K3t1)  +  ?C2  (K5+K3-I)  +  £c3  (K5+K4+K3) 
+?c4 (K5+K4-I) 


5  ^cl?c2  (K3-K3)  +  £cl?c4  (K4“K4)  +  5cl£c4 {K5-K5) 

hl=  4>1‘»>2  tCg2~Cgl)  +  <f,l<r’4  (£gl"£g4)  +  $2$4  (?g4~5g2) 
*2=  $l*2(Cg2-Cgl>  +  $l$3<Sgl-Cg3>  +  $2*3<Cg3-5g2) 


K4-  $2-^  t<>3“^l'K3  <4>4-<J>l>  1 
K5=  1  “  K3  “ 

1  £c4 

= 


Ks= 


^3 


(9) 


and 


G  =  <$2  ~  4>1>  (B4  -  EX)  -  (<f.4  -$]_)  (E2  -  El)  ]  (10) 


$2  "  $3 
A  =  <j.3(D  +  G£g3)  -  E3 

where 


[G  ( $3 £g3  -  ■}>2?g2)  +  E2  —  E3  ] 


En 


=  Egon 


<B  +  £cn) 


for  n  =  1,2, 3, 4 


(11) 

(12) 

(13) 


Two  values  of  b  are  obtained  from  (8)  which 
yields  two  complete  solutions  by  using  both  values 
in  calculations  which  occur  after  the  solution  for 
B.  Given  £cn  and  £g„ ,  Ki  and  K2  may  be  calcu¬ 
lated.  Then  calculate  K3,  K4,  K5,  K3,  k4  and  K5  in 
order  listed.  Next  calculate  E  from  (13) .  Resis¬ 
tors  G,  D  and  A  may  then  be  calculated  in  order 
listed. 


Program  Results 

A  computer  program  was  written  to  solve  the 
equations  for  a  specific  example.  V3  was  selected 
as  5  volts  with  the  varactor  bias  at  a  nominal  2.5 
volts  at  25°C.  This  supply  voltage  is  relatively 
low,  but  some  TCXOs  have  to  work  with  this  value. 

For  example,  a  value  of  8  volts  would  be  easier  to 
use  as  a  practical  matter.  Crystal  parameters  Cm, 
Cq,  C*  and  Ti  were  chosen  to  be  0.0112  pf,  3.56  pf, 
32  pf,  and  28°C,  respectively,  with  C2  equal  to  123 
pf.  In  addition,  Ci  was  calculated  to  be  1.8  pf 
for  a  Co  of  85  pf  at  4  volts  (not  a  practical  value 
but  it  serves  as  an  illustration) .  Through  trial 
and  error,  the  best  value  of  crystal  angle  found 
for  these  parameters  was  7  minutes,  requiring  the 
varactor  input  voltage  to  vary  between  1.5  and  4 
volts  for  compensation.  The  selection  of  thermistor 
parameters  should  be  based  on  the  best  (optimal) 
value  commercially  available.  Best  results  were  ob¬ 
tained  for  values  of  r  between  15  and  18  (8  =  4800 
to  5100) . 
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Two  methods  were  considered  for  the  selection 
of  temperatures  at  which  the  zeros  of  frequency  er¬ 
ror  occur.  In  the  first  method  values  were  chosen 
to  minimize  deviation  from  desired  frequency  over  a 
specified  temperature  range  in  an  equal  ripple  fa¬ 
shion,  i.e.  positive  and  negative  frequency  error 
extremes  are  equal.  In  the  second  method  one  tem¬ 
perature  point  was  fixed  at  a  value  such  as  25°C, 
and  the  other  points  were  chosen  to  produce  minimum 
peak  errors.  Figure  6  shows  an  example  of  each 
method.  Method  1  resulted  in  a  seven-minute  AT-cut 
crystal  error  reduction  from  a  deviation  of  ±17  ppm 
to  ±0.22  ppm.  Method  2  resulted  in  ±0.28  ppm  peak 
error  for  the  same  crystal  characteristic.  Both 
results  are  for  a  temperature  range  of  -40°C  to 
+60°C. 

The  two  resistor  solutions  and  thermistors 
from  (8)  are  available  for  use  with  either  of  the 
two  methods.  Table  1  gives  optimum  temperature 
values  and  thermistor  parameters  for  the  four  pos¬ 
sible  examples.  Table  2  shows  the  resulting  values 
of  the  resistors  and  thermistors  for  these  cases. 
Solutions  1  and  2  produce  nearly  indistinguishable 
results  for  each  of  the  methods. 

Tables  1  and  2  we*e  constructed  with  the  pur¬ 
pose  of  optimizing  frequency  variation  over  the 
temperature  range  of  -40°C  to  +60°C;  but,  as  will 
later  be  shown  in  sensitivity  diagrams,  some  of  the 
resistor  and  thermistor  values  become  relatively 
critical  at  lower  temperatures.  It  is  therefore 
possible  to  move  the  lower  end  of  the  specified 
temperature  range  from  -40°C  to  -S5°C  by  increasing 
the  thermistor  parameter  G  to  18  for  solution  1  at 
the  expense  of  only  ±0.02  ppm  increase  in  frequency 
variation.  Figure  7  shows  this  graphically  for  So¬ 
lution  1,  Method  1. 

Sensitivity 

Each  of  the  parameters  chosen  has  an  effect  on 
the  optimum  solution  for  compensation.  Below  is  a 
list  of  how  each  of  the  more  critical  parameters 
affect  the  outcome  in  general: 

1.  Cp  tends  to  affect  the  overall  circuit 
most  in  the  low  temperature  range.  In¬ 
creasing  Cp,  in  general,  is  desirable  if 
good  voltage  stability  can  be  obtained. 

Its  maximum  value  is  limited  by  both  C2 
and  Cx- 

2.  Stability  of  is  critical  for  precise 
matching  of  the  network  to  the  required 
characteristic.  It  will  become  less 
critical  if  it  is  made  larger  and  is 
made  smaller. 

3.  The  best  value  of  crystal  angle  is  deter¬ 
mined  by  the  four  temperature  points  at 
which  zero  frequency  occurs  and  the  ther¬ 
mistor  ratios.  Generally,  angles  in  the 
range  of  5  to  8  minutes  will  yield  real- 
able  solutions  for  Method  1.  Selection 
of  crystal  angles  becomes  slightly  more 
critical  for  Method  2 . 


Figures  8,  9,  and  10  show  the  sensitivity  of  the 
optimal  solution  to  one-percent  increases  in  net¬ 
work  parameters.  For  Solution  1,  the  most  critical 
component  values  are  resistors;  whereas,  in  Solu¬ 
tion  2,  the  critical  values  are  the  thermistors. 
This  would  seem  to  indicate  an  overall  advantage  of 
Solution  1  to  Solution  2 ,  because  precision  resis¬ 
tors  are  less  expensive  than  thermistors  and  the 
thermistor  temperature  constants  will  enter  into 
the  accuracy  problem. 

Conclusions 

New  information  on  an  established  method  has 
been  presented  that  gives  network  parameters  of  a 
resistor-thermistor  network  to  achieve  thermal  com¬ 
pensation  of  crystal  oscillators.  Although  the 
network  used  is  well  known,  several  factors  are 
presented  which  apparently  are  not  well  documented 
in  the  literature.  The  method  is  non-iterative  and 
it  is  shown  that  two  solutions  are  possible .  Sen¬ 
sitivity  studies  have  led  to  the  conclusion  that 
one  of  the  solutions  is  generally  superior  to  the 
other.  This  seems  to  be  in  agreement  with  solu¬ 
tions  used  by  industry.  Results  given  in  Table  2 
indicate  temperature  compensation  accuracy  is  theo¬ 
retically  ±0.3  ppm  for  a  temperature  range  of  -40 
to  +60°C;  however,  if  the  thermistor  ratio  of  G  can 
be  increased,  the  effective  temperature  range  is 
^55°  to  +60°C.  Results  this  good  should  not  be  ex¬ 
pected  in  practice.  The  results  presented  can  be 
extended  to  studies  such  as  error  versus  crystal 
angle  for  different  temperature  ranges. 
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Solu¬ 

tion 

Method 

T1 

t2 

t3 

T4 

rC 

rG 

0 

1 

1 

-32.2 

-8.8 

15.9 

57.5 

16.4 

15.6 

7 

1 

2 

-32.3 

-7.5 

25.0 

57.12 

15.9 

15.8 

7 

2 

1 

-32.0 

-8.8 

16.0 

57.5 

16.6 

16.5 

7 

2 

2 

-32.3 

-7.5 

25.0 

57.14 

16.0 

16.0 

7 

TABLE  I 


Optimum  temperature  point  placement  and  thermistor  ratios 
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Solu¬ 

tion 

i  Method 

A 

B 

- ’ 

C 

D 

G 

1 

1 

1.112 

206.60 

100 

76.476 

0.45073 

1 

2 

0.0310 

198.10 

100 

73.368 

0.41344 

2 

1 

1.174 

18612. 

100 

75.812 

37.200 

2 

2 

0.1317 

- 

18196. 

100 

73.341 

37.104 

TABLE  II 

Resulting  resistor  and  thermistor  values  from  optimum  placements 


Output 


Figure  1  Oscillator  and  temperature  compensation  network 


L  Cm 


Co 

Figure  2  An  approximate  crystal  model 


Figure  3  Equivalent  compensating  capacitance  network 
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Figure  10  Sensitivity  of  crystal-cut  angle 
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Summary 

The  availability  of  small  low  cost  mi¬ 
croprocessors  has  generated  a  variety  of 
applications  in  the  communication's  field. 
Many  of  these  applications  are  described 
in  the  paper.  The  microprocessor,  in  addi¬ 
tion  to  replacing  existing  analogue  and 
digital  functions,  has  made  it  possible  to 
add  new  features  to  the  equipment  and  sev¬ 
eral  of  these  are  enumerated.  Among  them 
are  microprocessor  compensation  of  a  crys¬ 
tal  oscillator.  The  basic  approach  to 
this  application  is  described  including 
the  method  of  compensation,  the  program 
flow  chart,  and  the  errors  involved.  The 
mathematics  is  derived  to  determine  the 
optimum  digital  word  lengths  for  a  given 
accuracy. 


Introduction 

A  large  reduction  in  the  size  and  cost 
of  microcomputer  systems  has  generated  a 
host  of  applications  in  radio  communica¬ 
tions  equipment.  It  is  not  surprising 
that  a  new  technology  such  as  the  micro¬ 
computer  has  enabled  us  to  simplify  our 
designs,  reduce  parts  count  and  costs,  and 
to  improve  the  specifications  by  a  few 
more  db.  Another  effect  has  taken  place 
as  well,  and  this  the  introduction  of  new 
features  and  capabilities  which  were  pre¬ 
viously  not  practical  to  implement. 

Each  new  generation  of  communications 
equipment  therefore,  tends  to  be  about  as 
complex  as  its  predecessor  even  though  the 
individual  components  are  greatly  superior 
to  those  previously  used.  The  introduc¬ 
tion  of  the  microcomputer  has  opened  a 
myriad  of  such  applications  and  engineers 
are  limited  only  by  their  ability  to  dis¬ 
cover  the  applications. 

General  Description 

In  describing  some  of  the  applications 
of  microcomputers  to  communications  equip¬ 
ment  it  is  perhaps  appropriate  to  begin  by 
commenting  on  several  equipments  which  are 
in  the  design  phase  or  have  recently  been 
designed  using  microprocessor  technology. 
The  applications  are  not  limited  to  radio 


communications  since  the  microcomputer  is 
well  suited  for  imputting  data,  storing  it 
and  outputting  it  either  continuously  or 
in  a  burst  mode.  It  is  thus  extensively 
used  for  data  communications  and  data  en¬ 
cryption.  The  applications  also  include 
handshaking,  key  management,  and  self  test 
The  use  of  a  microcomputer  in  these  areas 
has  reduced  the  hardware  by  a  factor  of 
five  or  more  over  digital  logic  in  some 
cases.  It  should  be  noted  that  the  design 
time  has  not  decreased  proportionally  to 
the  hardware,  however,  because  of  the  sig¬ 
nificant  programming  effort  and  documenta¬ 
tion  of  the  software. 

In  radio  communications  there  is  a 
trend  in  some  equipments  to  use  a  number 
of  dedicated  microprocessors  to  perform 
all  the  desired  functions.  We  are  pres¬ 
ently  involved  in  the  design  of  a  fre¬ 
quency  hopping  radio  for  the  Army  which 
will  most  likely  employ  five  microproces¬ 
sors.  This  may  soon  become  the  rule  rath¬ 
er  than  the  exception  and  serves  to  illus¬ 
trate  that  the  microprocessor  equipment  de¬ 
sign  era  is  truly  a  reality. 

We  can  describe  some  of  the  functions 
implemented  by  the  microcomputer  in  terms 
of  the  block  diagram  for  a  communications 
transceiver.  The  block  diagram  is  shown 
in  Figure  1.  This  diagram  is  not  intended 
to  apply  to  a  specific  equipment,  but  in¬ 
corporates  the  major  elements  found  in  a 
typical  military  transceiver.  The  micro¬ 
computer  is  shown  in  the  lower  right. 

During  normal  operation  the  microcomputer 
scans  the  controls  to  determine  the  preset 
channel  number.  It  then  uses  this  number 
to  enter  a  non-volitle  RAM  and  look  up  the 
frequency  corresponding  to  the  selected 
channel.  This  information  is  frequently 
stored  in  BCD  form  to  facilitate  entry  and 
display  in  decimal  form.  The  processor 
then  scans  the  display  mode  selected  and 
outputs  either  the  channel  number  or  the 
corresponding  frequency  to  the  display. 

It  then  scans  the  PTT  line  to  determine 
if  transmission  or  reception  is  desired. 
Assuming  that  reception  is  desired,  the 
processor  offsets  the  frequency  by  the  IF 
frequency  (BCD  addition  or  subtraction) 
and  transmits  it  to  the  frequency  synthe¬ 
sizer.  The  frequency  synthesizer  uses  the 
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Figure  1.  Block  Diagram  of  Typical  Military  Transceiver 


digital  input  along  with  the  frequency  from 
the  temperature  compensated  crystal  oscil¬ 
lator  to  generate  the  local  injection  for  the 
mixer.  The  microcomputer  then  converts  the 
channel  frequency  to  a  binary  number  and  out¬ 
puts  it  to  the  D/A  converter  which  tunes  the 
preselector.  If  the  transceiver  had  been  in 
the  transmit  mode,  the  channel  frequency, 
rather  than  an  offset,  might  have  been  used 
for  the  frequency  synthesizer. 

As  indicated  earlier,  new  features  are 
being  incorporated  in  the  equipment  which 
were  previously  not  generally  implemented 
because  of  the  cost.  One  of  these  is  fault 
isolation.  Many  military  equipments  have  in¬ 
corporated  self  test  features  for  many  years. 
This  capability  has  frequently  been  limited 
to  a  go/no  go  test.  The  microcomputer  can, 
with  the  aid  of  a  series  of  signal  sources 
and  sensors,  isolate  a  fault  to  a  particular 
module  and  display  the  number  of  the  faulty 
module  on  the  frequency  display.  A  typical 
test  might  be  to  turn  on  a  noise  diode,  modu¬ 
lated  at  a  1KHZ  rate,  coupled  to  the  t/r 
switch.  A  sensor  at  the  receiver  output  then 
detects  the  demodulated  1KHZ  tone.  In  the 
absence  of  a  tone,  an  intermediate  signal 
source  at  the  input  of  the  mixer  or  IF  ampli¬ 
fier  might  be  turned  on  to  determine  where 
the  signal  is  being  lost. 

Other  functions  whxch  can  be  performed 
by  the  microprocessor  include  frequency  scan¬ 
ning,  remote  control,  optimum  frequency  se¬ 
lection,  squelch  calibration,  time  keeping, 
schedule  storage,  frequency  hopping,  spread 
spectrum  control,  error  correction,  data  en¬ 
cryption,  temperature  compensation  of  the 


crystal  oscillator  and  others.  Both  frequen¬ 
cy  hopping  and  spread  spectrum  systems  as 
well  as  single  sideband  tend  to  require  sta¬ 
ble  oscillators.  Because  of  the  increasing 
requirements  for  high  stability  and  because 
of  the  interest  of  the  frequency  control  com¬ 
munity  it  is  appropriate  to  elaborate  on  this 
application  of  temperature  compensation. 

Crystal  Oscillator  Temperature  Compensation 

It  has  been  possible,  for  some  time,  to 
temperature  compensate  crystal  oscillators  to 
within  the  hysteresis  of  the  crystal  frequen¬ 
cy  temperature  characteristic  using  hybrid 
analogue- digital  techniques.  The  microcom¬ 
puter  makes  it  less  difficult  to  accomplish 
this  task  and  without  the  need  for  analogue 
coarse  compensation.  Even  with  relatively 
modest  stability  specifications  it  may  be  de¬ 
sirable  to  use  a  microcomputer  with  digital 
compensation  because  of  the  ease  of  automa¬ 
tion  in  production. 

The  general  block  diagram  of  a  micropro¬ 
cessor  compensated  crystal  oscillator  is 
shown  in  Figure  2.  A  fairly  linear  tempera¬ 
ture  sensor  such  as  a  thermistor  resistor  net¬ 
work  or  a  poorly  biased  transistor  is  used  to 
convert  the  temperature  to  a  voltage.  The 
a/d  converter  digitizes  this  voltage  for  an 
input  to  the  microcomputer.  The  microcomput¬ 
er  then  determines  the  correction  voltage 
needed  at  that  temperature  and  outputs  the 
digital  correction  to  the  D/A  converter.  The 
D/A  converter  changes  this  value  to  an  ana¬ 
logue  voltage  for  application  to  the  varactor 
in  the  VCXO. 
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Figure  2.  Basic  Microprocessor  TCXO 


and  .  Programs  have  been  written  for  both 
the  INTEL  8080  and  the  single  chip  8048.  In 
each  case  the  compensation  values’ are  stored 
in  an  external  CMOS  PROM .  Obviously,  as  sin¬ 
gle  chip  CMOS  microcomputers  become  available 
the  power  consumption  and  self  heating  can  be 
greatly  reduced.  This  is  manditory  in  high 
precision  TCXOs. 

It  is  also  desirable  to  minimize  the  num¬ 
ber  of  I/O  lines  from  the  processor  as  well  as 
to  optimize  the  number  of  bits  required  in  the 
A/D  converter  and  in  the  D/A  converter  to  a- 
chieve  a  given  accuracy.  It  is  not  difficult 
to  show  that  the  maximum  frequency  error  due 
to  finite  word  length  is  given  by* 


The  program  for  the  microcomputer  is 
straight  forward,  and  a  flow  chart  is  shown 
in  Figure  3.  After  initialization  of  the  I/O 
ports,  the  microcomputer  reads  in  the  temper¬ 
ature  in  digital  form  and  searches  for  the 
closest  stored  values  in  its  memory.  The 
closest  stored  values  can  be  found  using  a 
linear  search  if  both  temperature  and  the 
corresponding  corrections  were  stored  in  mem¬ 
ory.  If  only  the  corrections  were  stored  for 
evenly  spaced  temperature  points,  the  most 
significant  bits  of  the  temperature  can  ad¬ 
dress  the  memory  directly. 


Figure  J.  Program  Flow  Chart 


The  program  then  interpolates  between 
the  stored  correction  words  using  the  equa¬ 
tion: 

t .  ;  Oil  O  (1) 

n  Vl  “  tn 

where  V  is  the  prestored  correction  voltage 
at  temperature  t  ,  and  V  .  is  rl  e  voltage  at 
temperature  t  . .  It  is  assumed  nere  that 
the  ambient  temperature,  t,  falls  between  tn 


where : 

bt  =  no.  of  bits  in  the  temperature  word. 

bv  =  no.  of  bits  in  the  correction  volt¬ 
age  word. 

S  =  maximum  frequency-temperature  slope 
of  the  crystal,  in  PPM  per  °C. 

T  =  total  temperature  range  over  which 
the  oscillator  must  be  compensated. 

F  =  maximum  peak  to  peak  frequency  ex¬ 
cursion  of  the  crystal  in  PPM. 

AF  =  maximum  frequency  error  allowed,  in 
PPM. 

For  simplicity  here  we  have  assumed  that 
the  cost  of  the  A/D  and  D/A  conversion  doubles 
for  every  bit  of  accuracy.  (This  may  be  ap¬ 
proximately  true  for  high  accuracy  units  where 
we  are  most  concerned  about  an  optimum  de¬ 
sign.)  We  may  then  represent  cost  by  the 
function 

C  =  2bt  +  2bv  (3) 

Using  this#function  we  find  that  the  cost 
is  minimized  if* 

bt  =  l0s2  rn  (ST  +  v^tf)  w 

and 

t»=1°S22fF(l»v/f  )  .(5) 

As  an  example,  suppose  that: 

Af  =  ±  0.5  PPM 

F  =  35  PPM 

T  =  90°c  -  (-40°C)  =  130  C° 

S  =  1.3  PPM  /  °C 

We  find  from  equations  4  and  5  that 
bt  =  7.94,  and  bv  =  6.81.  We  would  thus  con¬ 
sider  an  8  bit  A/D  converter  and  a  7  bit  D/A 
converter  if  these  were  the  only  errors  in¬ 
volved.  In  order  to  allow  for  the  interpola¬ 
tion  error  we  choose  bt  =  bv  =  8 .  Then  from 
equation  2,  Af  =  0.4PFM.  Thus  the  interpola¬ 
tion  error  can  be  as  large  as  *  0.1PPM.  This 
error  results  from  using  a  linear  interpola¬ 
tion  to  approximate  the  cubic  equation  of  the 


*  See  Appendix 
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crystal  between  stored  correction  points . 
inis  error  is  largest  at  the  temperature  ex- 
• r ernes  where  the  cubic  tern  of  the  crystal 
emperature  characteristic  is  most  signifi- 
*-  ant.  It  is  minimal  around  the  inflection 
r  Dint  temperature  where  the  crystal  behavior 
is  more  linear.  If  we  allow  -  O.i  ppss  for 
interpolation  error  then  the  stored  correc¬ 
tion  values  can  be  about  3°C  apart  at  the 
temperature  extremes  while  10°C  could  be  tol¬ 
erated  at  room  temperature.  The  frequency 
errors  due  to  interpolation  have  been  ana- 
. /zed  in  tne  previously  cited  reference  on 
<_  rystal  Oscillator  Design  where  it  is  shown 
: iat  the  error  is  given  by: 

®MAX  =  ^  *  b2  *  3bjt] 

\  nere:  AT  is  the  distance  between  stored 
temperature  points, 
t  is  temperature  at  the  lov;er  end  of 
the  interval, 

nd  b2  ana  b-  are  constants  of  the  crys¬ 
tal  being  used, 
ee  cited  reference,  p.  172, 

Figure  4  shows  the  frequency  versus 
emperature  behavior  for  a  microcomputer  com- 
?  ensated  crystal  oscillator  which  holds 
:  3  x  10“ <  over  the  temperature  range  from 
-26°C  to  +  82°C.  These  results  were  obtained 
using  8  bit  temperature  and  correction  volt- 
cge  accuracy. 


Figure  4.  Frequency  versus  temperature  for  a 
microcomputer  compensated  crystal  oscillator. 


Conclusions 

The  future  is  quite  promising  for  the 
application  of  microcomputers  to  temperature 
compensation,  and  we  can  expect  a  great  deal 
of  innovation  in  the  years  ahead.  This  tech¬ 
nique  promises  to  reduce  the  power  of  preci¬ 
sion  TCXO's  as  well  as  to  decrease  the  size. 
Indeed,  at  the  present  time,  CMOS  micropro¬ 
cessors  are  available  which  will  operate  on 
a  few  microwatts  at  slow  clocking  rates.  We 
can  look  forward  to  self  compensating  TCXO's 


as  additional  progress  is  made  with  non¬ 
volatile  memories,  ar.d  perhaps  we  may  soon  be 
able  to  model  transient  effects  in  the  crystal 
and  to  temperature  compensate  dynamically  as 
well  as  statically.  It  is  not  unreasonable  to 
suppose  that  microcomputers  with  built-in  A/D 
and  D/A  converters  will  become  available  and 
allow  temperature  compensation  with  a  single 
chip  plus  the  oscillator. 

We  have  singled  out  temperature  compensa¬ 
tion  here  as  an  example  of  the  application  of 
a  microcomputer  to  communications  equipment. 
Many  of  the  other  applications  cited  are 
equally  exciting  ana  challenging.  It  is  an¬ 
ticipated  that  digital  signal  processing, 
which  is  presently  limited  by  the  processing 
speed,  will  also  evolve  as  a  major  break¬ 
through  in  the  application  of  microcomputers 
to  communications  equipment.  Truly,  the 
microcomputer  with  its  multiple  applications 
in  communications  will  have  as  large  an  impact 
c,i  the  electronics  industry  as  the  transistor 
or  digital  logic. 

Appendix 

Determination  of  Optimum  Word  Lengths  in 
a  Microcomputer  Compensated  Crystal  Oscillator. 

From  equation  2,  of  the  paper,  we  see 
that  the  frequency  error  due  to  finite  word 
length  is  given  by: 


where  the  terms  have  been  previously  defined. 
This  equation  assumes  that  we  optimize  both 
the  temperature  compensation  table  and  the 
compensation  voltage  to  pick  the  nearest  volt¬ 
age  level.  This  is  contrasted  to  the  case 
where  we  simply  input  and  output  the  digital 
words  without  regard  to  the  truncation  error. 
In  the  latter  case,  one  extra  bit  will  be  re¬ 
quired  in  each  word  since  S/2  in  equation  A-l 
becomes  S  and  F/2  becomes  F. 

The  cost  criterion  used  is  given  by  equa¬ 
tion  A-2  below: 

C  =  (2)bt  +  (2)bv  (A-2) 

which  assumes  that  adding  one  bit  doubles  the 
cost  of  the  A/D  or  D/A  converter.  This  is  ob¬ 
viously  pessimistic  for  low  precision  units. 
For  high  precision,  however,  where  it  is  most 
important  to  obtain  the  optimum  design,  the 
criterion  becomes  more  realistic. 


Now  let 

X 

=  sb* 

(A-3) 

and 

Y 

=  2bv 

(A-4) 

Then 

C 

=  X  +  Y 

(A-5) 

and 

Af 

S  T  F  1 

"  2  X  2  Y 

(A-6) 

Solving  for  Y 

we 

have 

Y 

(F/2) 

'pT f) 

(A-7 ) 
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Substituting  for  Y  free  equation  A-5  gives 


C  =  X  * 


(?/2) 


(~-i  I) 


(A-B) 


We  can  ninixaize  the  expression  for  C  by  dif¬ 
ferentiating  with  respect  to  X  and  setting 
the  derivative  equal  to  zero. 


dc 

aX 


=  i  - 


P/2  (-§) 

V  2Xf  / 


=  0 


(Af  - 1  !) 

Now  solving  this  expression  for  X  gives 


(A-9) 


S  T 
2  X 

n2  - 
)  -I' 

(30 

(A- 

■1C) 

Af  - 

S  T 
2  X 

Vfst 

■  2X 

(A- 

■ID 

Af  = 

a/FST 

2X 

.  ST 
’  2X 

(A- 

■12) 

X  = 

1 

2df 

h 

h  Si) 

(A- 

■13) 

and 

bt  = 

log2 

5H 

(A- 

-14) 

Also 

from 

equations  A-7 

and  A- 13 

v  = 

F/2 

Af 


ST  2Af 
2  -s/FST  +  ST 

F _ 


ZAf 


(i-  7^ - ) 

\  a/FST  +  ST/ 


(A-15) 


Y  = 


2 /if 


F _ 

/  Tfst  \ 
\  V^ST  +  ST  I 


And  finally: 

bV  =  l0g2  2Af 


(A- 16) 


(A-17) 


(A-18) 
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USE  OF  FIBER  OPTIC  FREQUENCY  AND  PHASE  DETERMINING 
ELEMENTS  IN  RADAR 

by 

Arnold  M.  Levine 

ITT  Gilflltan 
Van  Nuys.  California 


Abstract 

Tlic  application  of  fiber  optics  to  modem  radar  systems 
and  circuits  is  examined.  This  paper  presents  the  more 
unconventional  use  of  fiber  optics  stable  transmission  delay 
characteristics  to  form  active  elements  within  a  radar.  This 
technology  may  be  utilized  in  the  design  of  such  radar 
circuits  as  a  high  frequency  oscillator,  phased  array  antennas, 
precision  pulse  generation,  A/D  converter,  MTI  system  and 
an  identical  chirp  curve  matching  generator.  Some  systems 
applications  are  shown  with  the  benefits  and  problems 
indicated. 

These  circuits,  besides  being  precision  devices,  are  stable 
enough  for  radar  where  long  time  exact  frequency  is  not  as 
important  as  short  term  stability  and  reliability.  These 
Circuits  are  EMI  and  EMP  resistant  and  avoid  conventional 
feedback  circuit  problems.  They  are  low  in  cost  to  build, 
even  at  current  prices,  and  properly  used,  arc  long 
life  components. 

Color  multiplexing  will  also  be  discussed  as  a  means  of 
greatly  reducing  the  amount  of  fiber  optic  cable  required  in 
these  circuits. 


introduction 

One  of  the  early  optical  voice  bandwidth  communica¬ 
tions  systems  was  demonstrated  by  Alexander  Graham  Bell 
prior  to  1874.  Since  the  signal  was  transmitted  on  a 
mechanically  modulated  focused  beam  of  light  it  may  have 
been  considered  a  scmicontaincd  optics  link.  Light  con¬ 
tained  and  bent  is  as  old  as  nature,  since  this  is  the 
phenomenon  that  takes  place  in  a  waterfall.  It  was  not 
until  the  early  1950’s  that  fiber  optics  (FO)  was  placed  on 
a  practical  foundation.U)  Since  then,  rapid  progress  has 
been  made  to  increase  the  usable  bandwidths,  decrease 
losses,  improve  manufacturing  procedures,  reduce  cost  and 
extend  use  into  the  1R  region/2)  In  addition,  technology 
of  small  energy  sources  for  transmission  and  detection 
devices  for  receiving  has  been  vastly  improved.  This  paper 
will  not  attempt  to  go  into  the  device  technology  as  there 
is  adequate  data  available  in  current  literature.  It  will 
review  the  use  of  fiber  optics  in  a  nonconventional  mode  as 
may  be  utilized  in  radar  systems  for  circuit  and  major  sub¬ 
systems,  as  indicated  in  Table  1.  Some  of  the  radar  circuits 
will  be  described  but  not  all  items  in  the  matrix  will  be 
covered  in  this  paper. 


One  characteristic  of  glass  fiber  optics  is  its  stable  time 
delay.  Curves  indicating  the  stability  characteristic  can  be 
seen  in  Figure  1  showing  that  in  the  case  of  Borosilicatc  the 
index  of  refraction  does  not  change  more  than  30  parts/ 
million  from  -80°  to  +60°C.  There  is  also  a  relatively  fiat 
portion  of  the  curve  for  a  more  stable  operation  when 
temperature  control  (coarse)  is  available.  The  type  of 
optical  fibers  to  be  discussed  arc  all  graded  glass  of  the 
silica  variety,  and  are  available  with  attenuations  of  approxi¬ 
mately  1  dB/km  at  a  wavelength  of  1.06  pm  and  2  dB/km  at 
0.8  pm.  Stack  fibers  of  the  graded  type  are  available  at 
5  dB/km,  and  for  most  of  the  suggested  uses,  losses  are  not  a 
major  problem.  The  delay  in  a  typical  fiber  is  given  as  n  L/c 
where  n  is  the  refractive  index  of  the  fiber  core,  c  the  free- 
space  velocity  of  light,  and  L  the  total  length.  For  fused 
silica,  n  =  1.46  and  the  delay  approximately  4.9  ps/km/3> 
Dispersion  limits  the  bandwidths  for  long  delays  so  that  most 
of  the  wide  bandwidth  or  high  frequency  operations  discussed 
are  for  comparatively  short  run  fibcis. 


Radar  Circuits 

In  the  following  section  a  number  of  block  diagrams 
and  circuits  covering  RF,  antenna,  and  signal  processing, 
which  may  be  utilized  in  radar  will  be  described. 

Oscillator  or  Narrowband  Regeneration  Amplifier 

Figure  2  shows  two  somewhat  different  arrangements 
of  an  oscillator  (2a),  and  an  amplifier  or  oscillator  (2b). 
These  circuits  operate  on  the  principle  of  a  1 80-degrcc 
shift  in  the  FO  delay  line  as  to  cause  the  input  to  be  in 
phase  with  the  output  of  a  1 80-degrcc  phase  shifter  ampli¬ 
fier.  Assuming  there  is  enough  gain  available,  either  circuit 
will  oscillate  with  what  amounts  to  a  FO  nonmagnetic  coil. 
By  adding  negative  feedback  the  gain  characteristics  of  the 
circuitry  can  be  made  more  stable  and  controlled,  and  the 
shapes  of  the  filter  can  be  modified  as  the  0  or  signal  gain 
is  modified.  When  Figure  2(b)  is  used  as  an  oscillator  or 
amplifier  its  frequency  may  be  changed  by  diode 
switching  different  fiber  lengths  and  an  active  synthesizer 
may  be  obtained.  This  is  somewhat  different  from  those 
generally  utilized  for  communication  where  switching  time 
is  not  as  important.  To  prevent  operation  at  multiple 
frequencies  and  to  reduce  harmonic  content,  C  has  been 
added  to  all  such  circuits.  A  further  refinement  to  the 
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above  principles,  but  in  a  different  circuit  arrangement,  is 
shown  in  Figure  3. 

Delay  Stabilized  Variable  Oscillator 

in  a  frequency  scan  radar  system,  i.e.,  where  the  beam 
position  is  dependent  on  the  frequency  of  the  radar,  a  series 
of  programmed  base  frequencies  must  be  established.*  One 
of  the  older  methods  for  doing  this  is  to  utilize  bands  of 
crystal  oscillators  and  establish  a  switching  system  for 
selecting  these  oscillators  at  some  low  frequency  where 
crystals  are  easily  available.  This  output  is  then  multiplied 
upwards  to  the  required  transmitted  frequency.  Since  the 
frequencies  are  being  multiplied,  a  high  degree  of  frequency 
stability  and  accuracy  is  required  plus  a  large  number  of 
crystals  for  even  frequency  spacing.  This  is  complex,  has 
a  certain  degree  of  unreliability,  and  is  expensive.  In 
addition,  multiplying  adds  noise  to  the  system,  so  that 
when  improved  MT1  is  desired  the  conventional  system  is 
self  limiting.  There  are  several  more  modem  techniques  for 
frequency  synthesis.  One  method  for  establishing  the  same 
basic  frequency  generation  requirement  is  utilization  of  a 
stable  FO  delay  line  in  a  voltage  controlled  oscillator.  As 
shown  in  Figure  3  the  radar  beam  position  would  be  coded, 
and  that  code  would  then  establish  a  quantized  voltage. 

This  voltage  would  then  be  applied  to  an  oscillator  so  as 
to  position  it  to  a  coarse  frequency  position.  By  utilizing 
a  precision  stable  delay  line  in  the  feedback  control  loop  of 
the  Voltage  Control  Oscillator  (VCO),  the  oscillator  can  be 
forced  to  oscillate  at  only  multiple  frequencies  of  the  delay 
in  the  prior  mentioned  line.  This  oscillator  can  also  be 
made  to  oscillate  at  frequencies  approximately  10  times  the 
current  crystal  frequencies.  Hence,  the  stability  requirement 
is  less  and  the  cost  of  multiplying  reduced.  Instead  of  a 
rack  of  equipment,  this  total  package  would  be  much 
smaller  and  have  fewer  components,  with  case  of 
serviceability  and  high  reliability.  The  fibers  can  be  hand 
cut  for  frequency  selection  without  a  great  deal  of  skill 
and  with  conventional  tools.  For  an  improved  noise  figure, 
it  would  appear  desirable  to  follow  the  oscillator  with  the 
aforementioned  amplifier  filter  combinations. 

Fiber  Optic  Phased  Array  Antenna 

The  following  description  covers  utilization  of  fiber 
optic  cables  to  give  precision  delay  in  lightweight  phased 
array  antennas  for  radar  or  communication  systems. 

Much  work  has  been  done  on  trying  to  reduce  costs  of 
phased  array  antennas.  One  particular  type  uses  frequency 
change  to  obtain  a  beam  position.  Another  type  uses  fixed 
incremental  delay  devices  whose  combination  moves  the 
beam  to  incremental  positions.  The  latter  type,  consisting 
of  ferrites  with  driver  mechanisms,  diode  networks  and  their 
associated  circuitry,  and  other  similar  types,  arc  heavy  and 
consume  a  large  amount  of  power.  In  addition,  phase 
stability  becomes  a  problem  in  wide  environmental  conditions. 

This  proposed  technique  would  utilize  high  quality  FO 
cable  for  the  time  delay  network.  Basically,  the  system 
operates  as  shown  in  Figure  4(a).  The  laser  input  is 
optically  modulated  by  the  RF  frequency  so  that  the  main 
output  from  the  optical  system  contains  all  the  required 
signal  information.  This  optical  output  is  then  optically 


*  Tins  excursion  is  about  10  percent  of  the  transmitted 
center  frequency. 


coupled  to  mullifibu  cables  where  the  optical  information 
is  transmitted  to  the  antenna  proper.  At  each  antenna 
there  is  a  power  amplifier  connected  directly  to  a  dipole  or 
other  radiating  device  for  power  combining  in  space.  The 
number  of  fibers  required  per  multicable  would  depend  on 
the  beamwidth  desired  and  the  number  of  degrees  of  beam 
motion.  Each  transmitter  output  stage  requires  a  similar 
FO  bundle.  As  shown  in  Figure  4(b)  or  (c),  switching  may 
be  carried  on  at  either  end  of  the  FO  cable  and  may  be 
switched  on  an  RF  or  optical  basis  in  order  to  choose  the 
particular  phase  delay  required.  Switching  is  controlled  by 
a  center  timing  generator  and  may  be  digital  or  analog  as 
indicated  in  the  drawings.  Other  arrangements  may  be 
made  from  this  basic  concept  but  the  main  goal  is  to  obtain 
a  lightweight  phased  array  antenna  having  the  capability  of 
low  cost,  high  stability,  and  rapid  beam  positioning.  Its  use 
may  be  readily  seen  for  radars  in  general,  GCA  in  particular, 
communications,  missile  tracking,  and  lightweight  airborne 
radars.  The  transmission  of  1  GHz  already  has  been 
demonstrated  at  ITT  over  these  comparatively  short  lengths 
using  a  General  Optronics  laser  and  a  Telefunken  BPG28 
avalanche  diode. 

Signal  Processing 

Fiber  optic  cable  may  also  be  used  in  signal  processing 
for  pulse  generation,  analog-to-digital  conversion,  and  a 
special  case  of  MTI. 

Precision  Pulse  Generation 

State  of  the  art  in  the  area  of  pulse  generation  and 
timing  is  quite  sophisticated  and  precise.  Most  of  the 
precision  is  dependent  upon  some  form  of  accurate  timing 
generator.  The  diagrams,  as  shown  in  Figures  5(a)  and 
5(b),  obtain  their  pulsewidth  precision  from  the  fact  that  a 
fixed  and  stable  delay  device,  in  this  case  FO,  has  been 
used  in  the  timing  loop.  All  other  time  constants  in  this 
common  multivibrator  circuit  are  much  longer  than 
the  pulsewidth. 

Passive  Analog-to-Digital  Conversion 

The  state  of  the  art  contains  many  known  analog-to- 
digital  conversion  devices,  but  in  general,  these  are  highly 
susceptible  to  electromagnetic  pulse  due  to  nuclear  activity 
and/or  lightning  and  high  level  electrical  impulse  noise  plus 
power  supply  variations.  Much  of  this  takes  place  in 
triggered  devices  due  to  active  circuitry  and  the  effect  can 
continue  on  for  a  much  longer  period  than  the  impulse 
itself.  A  means  of  lowering  this  false  pulse  information 
output  and  having  a  more  EMP  resistant  system  is  to  utilize 
the  characteristic  of  FO  cables  as  a  compact  delay  device  to 
set  up  coding.  This  is  applicable  to  digital  MTI,  computers, 
telemetry,  communications  systems,  CFAR,  etc. 

Basically,  the  system  samples  the  signal  input  on  a  tunc 
sampling  bdsis  and  the  amplitude  sampled  then  goes  through 
a  compressor  for  maximum  signal-to-noisc  (s/n).  The  output 
is  then  applied  to  a  sampling  quantizer  so  that  discrete 
amplitude  levels  may  be  established.  At  each  level,  there  is 
a  cable  or  set  of  FO  cables  whose  length  determines  the 
pulse  position  and  hence  pulse  code  at  the  output  for  the 
various  levels.  These  are  combined,  limited,  and  put 
through  an  adder  whose  output  is  time  sampled  to  be 
coincident  with  the  basic  sampling  pulse  frequency.  Both 
the  block  diagram  and  waveforms  arc  shown  in  Figures  6(a) 
and  (b).  The  block  diagram  for  digital-to-analog  conversion 
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unit  is  shown  in  Figure  7.  Tilts  represents  a  FO  delay  line 
for  connecting  and  liming  the  coded  pulses  so  that  the 
original  amplitude  is  established. 

Fiber  Optic  MTI  System  by  Color  Reiteration 

In  order  to  obtain  stable  MTI  in  current  radar  systems, 
the  usual  analog  technique  utilizes  a  many-sided  quartz 
crystal.  This  requires  extremely  stable  conditions,  since 
cancellation  takes  place  on  an  RF  eycle-to-cvcle  'tasis  and 
any  change  in  phase  characteristics  causes  a  deterioration 
in  MTI  capability.  Another  way  of  establishing  an  MTI 
system  would  be  at  video,  except  the  problem  here  is 
establishment  of  wideband.  long-time  stable  delays  within  a 
reasonably  sized  system.  The  advantage  of  course,  would  be 
a  lesser  requirement  on  stability  since  the  video  cancellation 
would  not  be  js  critical  as  cvcle-to-cycle  RF  cancellation. 
One  means  of  establishing  this  delay  is  by  utilization  of 
FO  cable.  Fused  silica  is  a  common,  low  cost,  FO  cable 
material  and  is  readily  available  with  low  attenuation. 
However,  a  single  liber  that  would  give  adequate  delay  for 
low-pulse  sampling  rates  would  have  excessive  length.  One 
means  for  reducing  this  cable  length  is  by  color  reiteration. 
As  shown  in  Figure  8.  the  first  scan  is  detected  and  the 
video  portion  modulates  jn  optical  laser  modulator.  The 
output  travels  a  FO  cable  whose  length,  L,  is  D'dN'f  *  km. 
where  1)  is  total  needed  delay,  d  is  delay  per  kilometer  and 
N'c  if  the  number  of  colors  used.  At  the  far  end,  the 
particular  color  selected  is  demodulated  and  remodulates 
another  color  F-i.  which  goes  down  through  the  same 
cable.  This  is  again  detected  and  retransmitted  on  color 
F^  until  an  adequate  number  of  reiterations  takes  place  to 
establish  the  required  delay  time  for  cancellation  of  the 
following  scan.  As  a  practical  example  an  airport 
surveillance  detection  equipment  (ASDE)  radar  has  a  high 
repetition  rate  of  14  kHz  or  about  71.4  psec  delay 
requirement.  Using  the  above  described  technique,  a  FO 
cable  of  only  2.43  kin  would  be  required  with  a  six-color 
selection.  The  above  color  division  system  is  not  limited 
to  radar,  but  may  be  utilized  in  communications,  telemetry, 
or  whenever  multiplexing  on  FO  cables  is  required. 

A  recent  development,  as  shown  in  Figure  indicates 
current  activity  by  Hitachi.  Tin's  IC  will  contain  six 
different  colored  lasers  with  grating  feedback.*4  * 

Automatic  Failure  Resistant  Radar 

Several  techniques  have  been  proposed  for  a  Fault 
Tolerant  Transmitter  using  solid  state  devices.  Most  of 
these  have  some  component  switching  mechanism  for 
replacing  failed  power  transistors.  The  following  technique 
combines  all  transistors  including  spares,  and  operates  under 
lower  power  per  transistor  for  the  same  radar  range,  but 
changes  the  system  to  compensate  for  the  power  transistor 
failures.  Tins  further  extends  transistor  life  by  utilizing 
lower  power  per  unit. 

In  solid  state  combined  transistors,  it  is  common  to 
form  some  sort  of  combiner  so  that  the  transistors  may  be 
effectively  operated  in  parallel  and  be  connected  in  such  a 
mode  so  that  failure  of  one  transistor  will  not  load  any  of 
the  others.  Because  of  the  peak  voltage  limitations,  the 
transistors  are  operated  in  parallel  to  obtain  the  power 
output,  and  the  pulsewidth  is  made  wide  enough  to  obtain 
the  proper  power  on  target.  However,  when  wc  combine 
additional  spares,  more  than  adequate  power  is  available. 

The  required  power  on  target  may  be  obtained  by  reducing 


pulscwidths.  thereby  reducing  the  power  placed  on  each 
transistor  and  extending  the  life  of  each  individual  solid 
state  device  and  hence,  the  total  life  of  the  transmitter 
{Figure  10).  Further,  as  each  transistor  begins  to  fail  or 
fails,  the  pulse  is  automatically  widened  to  keep  the  power 
on  target  constant.  This  technique  is  particularly  applicable 
to  chirp  systems.  The  main  purpose  of  utilizing  some  form 
of  Irequcncy  chirping  and  receiver  compression  is  to  obtain 
range  resolution  equivalent  to  a  narrow  pulse  radar  system. 
Many  types  ol  frequency  chirping  techniques  are  in  the 
literature,  but  as  an  example,  a  step  scan  system  is  shown 
m  Figure  II.  Figure  12  is  a  block  diagram  of  the  system 
and  indicates  the  method  of  operation.  The  transmitter 
output  is  maintained  at  a  specific  power  and  the  pulsewidth 
and  hence,  the  number  of  chirp  steps  in  the  pulsewidth 
available  to  the  transmitter  is  varied.  In  order  to  avoid  some 
matching  problems  of  chirping  and  dechirping,  a  technique, 
shown  in  Figure  13.  may  be  used.  This  uses  the  stable 
characteristics  of  fiber  optics  to  form  both  the  source  unit 
for  chirp  generation  and  compression  and  operates 
independent  of  pulsewidth.  This  combines  some  of  the 
previously  described  frequency  synthesizer  techniques  with 
conventional  Bragg  Cell  technology.  Figure  14  shows,  in 
schematic  form,  a  combination  of  the  previously  described 
oscillator  utilizing  the  same  fibers  for  frequency  generation 
and  filtering,  plus  the  associate  delays  for  a  chirp  demodu¬ 
lator.  Tins  becomes  temperature  insensitive  so  that  curve 
matching  between  transmit  and  receive  is  no  longer  a 
problem.  The  curve  may  also  be  tailored  for  best 
sidelobe  suppression. 

Experimental  Results 

Figures  15a  and  15b  show  the  breadboard  arrangement 
utilized  to  demonstrate  a  fiber  optics  oscillator.  The  FO  coil 
was  cut  for  about  5  MHz  and  fed  through  a  scries  of  broad¬ 
band  amplifiers  to  have  the  proper  phase  reversal  (180°).  The 
unit  oscillated  as  predicted,  however  there  was  too  much 
gain  in  the  amplifier  used  and  more  noise  appeared  on  the 
output  than  expected.  No  additional  filtering  was 
employed,  but  the  amplifier  bandwidth  only  extended  to 
52  MHz.  Properly  matched,  a  20-30  dB  gain  in  s/n  is 
expected  over  that  indicated  in  Figure  16  showing  the 
oscillator  output  up  to  50  MHz  with  5  MHz  spacing. 

Outlook 

As  tune  progresses  new  technologies  become  available 
and  what  seems  like  limitations  placed  on  the  system  by  EO 
components  or  a  particular  optical  frequency  becomes  an 
incentive  for  further  investigations.  Recent  developments 
with  new  materials  have  indicated  that  IR  tranmission  over 
fiber  optic  cable  is  not  only  possible  but  lias  already  been 
utilized  by  the  medical  profession.*-'  Tile  prediction  for 
future  cables  are  the  development  of  material  (Thallium 
Bromide)  with  a  loss  of  about  1  X  10"  ^  dB/km,  making 
transmission  from  New  York  to  London  feasible  with  no 
repeaters.  There  have  been  many  other  suggestions  in 
literature  for  improvements  in  radar  technology,  such  as 
using  FO  for  a  transversal  filter.* s  •''*  Many  more  will 
come  to  the  readers’  mind.  As  the  bandwidths  of  radar 
systems  become  wider  more  use  will  be  made  of  analogue 
technology  and,  where  appropriate,  fiber  optics  will  play  a 
role  m  helping  to  keep  costs  down  with  possibly 
improved  performance. 


See  references  following  Figure  16 
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TABLE  I.  FIBER  OPTIC  TECHNOLOGY  USE  MATRIX  FOR  RADAR 
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Figure  1.  Temperature  Dependence  of  Refractive  Index.  Figure  2.  Oscillator  or  Narrowband  Regeneration  Amplifier 

Lit  x  10 ^  at  589.3  mp 
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Figure  3.  Frequency  Synthesizer  Block  Diagram 
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(a)  Basic  System 


(b)  Single  Hber  Optic  Cable  Phase  Shifter 


(i)  Alternate  Senes  Arrangement  Utilizing  Digital  Techniques 


Figure  4.  Fiber  Optic  Delay  Cable  Phase  Shifted  RT  Drive  and  Transmitter  Output  for  Electronically  Scanned  Beam 
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Figure  5(a).  Single  Trigger  Pulse  Forming  Flip-Flop 


Figure  5(b).  Nonactive  Pulse  Shaping  Circuit 
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Figure  6.  Fiber  Optic  Analog- to-Digital  Conversion 
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Figure  7.  Fiber  Optic  Digital-to-Analog  Conversion 


Figure  8.  Long  Delay  Fiber  Optic  System  for  Incremental 
and  Stable  MTI  by  Color  Reiteration 
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Figure  10.  Transistor  Life  Time  vs  Flange  Temperature 
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Figure  II.  Frequency  Chirping  Techniques 


Figure  12.  Transmitter  Block  Diagram 


TRARSMIT/RICIIVER  SWITCH  (BIASED  DIODE! 


Figure  13.  Chirping  and  Dechirping  Techniques 


BROADBAND  CONTROLLED  POSITIVE  FEEDBACK 


Figure  14.  Combined  Delay  Line  Filter  and 
Time  Sequence  for  "Dechirping" 
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Figure  15a.  Fiber  Optic  Oscillator  Test  Setup 


Figure  15b.  Breadboard  Oscillator  Used  in  Tests 


Figure  16.  Output  Spectrum  without  Bandpass  Filter 
Center  Frequency  -  25  Mllz 
Horizontal  Scanwidtlt  -  5  Mllz/Dir 
Vertical  Amplitude  -10  dB/Div 
IF  Bandwidth  -  30  kHz 
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R.A.  Moore,  F.W.  Hopwood,  T.  Haynes  B.R.  MoAvoy 

Westinghouse  Defense  &  Electronics  System  Center  Westinghouse  R  &  D  Center 

Baltimore,  MD  21203  Pittsburgh,  PA  15235 


Abstract 


Bulk  acoustic  resonators  are  under  development 
for  control  of  low  noise  microwave  oscillators  op>- 
erating  directly  at  microwave  frequencies.  Q' s 
greater  than  5000  are  typical  for  the  frequency 
range  of  1  to  10  GHz  and  have  been  fabricated  to 
20,000. 

The  combination  of  high  Q  and  useful  electro- 
acoustical  coupling  is  achieved  through  geometry 
which  includes  a  substrate  of  high  acoustical  Q 
medium,  which  is  large  compared  with  the  wavelength 
at  the  operating  frequency.  Sapphire,  ruby,  spinel, 
YAG  and  diamond  are  under  investigation.  External 
coupling  is  provided  through  a  piezoelectric  trans¬ 
ducer. 

The  use  of  a  separate  body  and  electroacousti- 
cal  coupling  mechanism  has  two  key  advantages: 

a.  A  much  higher  overtone  resonance  can  be 
used  usefully. 

b.  The  resonator  itself  is  not  restricted 
to  being  piezoelectric. 

By  using  a  separate  transducer,  coupling  is  not 
limited  by  high  overtone  levels  of  operation.  Op¬ 
eration  at  these  frequencies  is  allowed  even  with 
resonator  thickness  up  to  a  large  fraction  of  a 
millimeter.  This  provides  for  greater  physical 
rigidity  and  lower  vibration  sensitivity  than  even 
high  Q  VHF  quartz  resonators  demonstrate.  Because 
the  substrate  need  not  be  piezoelectric  for  coupl¬ 
ing,  a  large  variety  of  media  which  have  Q' s  which 
are  an  order  of  magnitude  greater  than  quartz  are 
available. 


ator  control  is  suggested  by  Figure  1.  The  figure 
displays  a  series  of  resonances  from  8GHz  to  10.  GHz 
offering  the  complete  range  for  frequency  stabili¬ 
zation  applications.  Each  resonance  or  overtone 
response  of  a  high  Q  nonpiezoelectric  substrate  is 
driven  by  thin  film  piezoelectric  transducers. 
Though  the  high  Q  substrate  is  operated  in  an  over¬ 
tone  mode,  the  piezoelectric  (ZnO  film  transducer 
is  operating  in  its  fundamental  frequency  range. 

The  Q  of  this  resonator  is  over  4500. 


Figure  1.  Transmission  characteristics  of  X-band 
bulk  acoustic  resonator  with  wideband 
ZnO  film  transducers  and  spinel  substrate. 
Though  only  8  to  10  GHZ  is  shown  for 
clarity,  the  resonator  respondens  from 
6  to  10  GHz.  Q  is  4500. 


Comprehensive  computer  modeling  of  propagation 
characteristics  for  various  media  has  provided  de¬ 
sign  data  for  many  crystalographic  directions  for 
bulk  mode  acoustic  resonators  and  delay  lines.  Ex¬ 
perimental  verification  of  the  computer  data  thus 
far,  has  been  accomplished  for  sapphire  and  diamond. 

Introduction 

The  main  contribution  to  improving  the  stabili¬ 
ty  of  fundamental  frequency  microwave  oscillators 
comes  from  the  design  of  a  high  Q  cavity  with  a 
suitable  low  temperature  co-efficient.  Bulk  acous¬ 
tic  resonators  are  under  development  for  control 
of  low  noise  microwave  oscillators  operating  direct¬ 
ly  at  microwave  frequencies.  Q's  greater  than  5000 
are  typical  and  have  been  fabricated  to  20,000  for 
frequency  range  of  1  to  10  GHz.  The  very  wideband 
of  accessible  frequencies  made  available  for  oscill¬ 


Application  requirements  place  increasing  de¬ 
mands  on  designers  to  achieve  high-Q  operation  in 
decreasing  volumes.  Figure  2  illustrates  the  Q's 
available  for  operation  directly  at  microwave  fre¬ 
quencies.  Except  for  the  bulk  acoustic  resonators 
the  chart  illustrates  a  tendency  for  decreasing  Q's 
with  decreasing  volume.  The  bulk  acoustic  resonator 
is  clearly  the  first  technology  to  depart  from  this 
trend  illustrated  by  the  first  three  techniques 
and  is  the  only  technique  which  offers  the  possibi¬ 
lity  of  Q's  equivalent  to  electromagnetic  cavities 
in  sufficiently  compact  form  to  be  considered  for 
many  applications. 


*The  work  reported  on  this  paper  has  been  supported 
in  part  by  Contact  F19628-78-C-0108,  Rome  Air  De¬ 
velopment  Center,  Deputy  for  Electronic  Technology, 
Hanscom  Air  Force  Base,  Massachussetts,  01731 


To  achieve  an  equi"  ..lent  phase  noise  perfor¬ 
mance  to  quartz  crystals,  resonator  Q' s  must  meet 
or, exceed  the  value  governed  by  the  relation  FQ  = 
iCTJ  shown  in  Figure  3.  Illustrated^on  the  graph 
are  typical  crysta1  resonators  of  10  and  10 7  at 
10MHz  and  ICOMHz.  t  \  *  itively.  Also  superimposed 
on  this  plot  »  -  _•  c  -nt,  lr  of  points  representing 
measured2Gls,fpr  SAW  resonators  taken  from  the  lit¬ 
erature  and  those  for  various  bulk  acoustic 

microwave  resonators. 


used  usefully. 

b.  The  resonator  itself  is  no  longer  restrict¬ 
ed  to  being  piezoelectric. 

Ey  using  a  separate  transducer  where  coupling  is  not 
limited  by  high  overtone  levels,  operation  through 
X-band  is  allowed  even  with  resonator  thickness  up 
to  a  large  fraction  of  a  millimeter.  This  provides 
for  greater  physical  rigidity  and  lower  vibration 
sensitivity  than  even  high  Q  VHF  quartz  resonators 
demonstrate. 


FIGURE  2 


FREOUENCf  IS  <,Hi 


Figure  3.  Required  Q  to  meet  noise  performance  of 
high  quartz  crystal  stabilized  oscill¬ 
ators  . 

It  suggests  that  bulk  acoustic  resonators  have  gen¬ 
uine  potential  for  providing  low  noise  stabilization 
of  oscillators  operating  fundamentally  at  microwave 
frequencies. 


Description 

The  use  of  a  separate  body  and  electroacousti- 
cal  coupling  mechanism  has  two  key  advantages: 

a.  A  much  higher  overtone  resonance  can  be 


Because  the  substrate  need  not  be  piezoelec¬ 
tric  for  coupling,  a  large  variety  of  media  (as  sug¬ 
gested  by  Figure  4)  have  Q' s  which  are  an  order  of 
magnitude  greater  than  quartz.  (Q  is  related  to 
propagation  attenuation  by  the  relation  n /  (ccXa) 
when  Xais  the  acoustic  wavelength.  A  number  of  ma¬ 
terials  have  been  under  investigation  including 
sapphire,  TAG,  diamond  and  spinel. 


Figure  4-  Graph  of  propagation  loss  ana  y's  of  ro¬ 
strate  media  suitable  for  microwave  acy.e~ 
tic  resonator.  Note  that  except  f 
lithium  niobate,  non-piezoelectric  rntdic 
are  superior  to  piezoelectric  medV.«, 

The  latter  material,  (111)  spinel,  hat  b.sn  tester 
to  x-band  with  encouraging  results.  Figure  5  is 
an  example  of  a  transmission  resonance  at  7.5  GHz. 

The  Q  in  this  instance  is  about  cOOO  and  the  FQ 
product  exci  -.d-j  ..xlO  .  The  substrate  thickness 
for  this  tv  JL  1G  milli-inches  providing  an  over¬ 
tone  separation  of  35  MHZ  from  7  GHz  to  8  GHz  as 
shown  in  the  top  portion  of  Figure  5* 

Details  of  the  transducer  design  on  a  sapphire 
substrate  (a-axis  propagating)  are  shown  in  Figure  6. 
The  botton  contact  of  the  transducer  is  a  layer  of 
(ill)  gold  on  which  is  r.f.  sputtered  a  thin  film  of 
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Figure  5.  Response  of  X-band  spinel  resonator  which 
provides  Q  of  6000. 


Figure  6.  Geometry  of  Microwave  Acoustic  Resonator 
showing  substrate  and  transducer  detail. 

ZnO,  the  top  contact  is  made  with  a  film  of  chrome 
aluminum.  With  the  application  of  a  high  frequency 
potential  a  longitudinal  bulk  mode  standing  wave  is 
generated  in  the  substrate.  We  have  found  that  the 
longitudinal  bulk  mode  resonance  will  stay  relative¬ 
ly  free  of  spurious  (shear  mode)  interference  if 
the  substrates  are  defect  and  strain  free  and  if 
the  surface  substrate  is  a  good  perpendicular  boun¬ 
dary  to  impinging  waves.  This  latter  remark  requires 
that  the  surface  contain  no  pits  and  be  free  of 
subsurface  damage.  Special  polishing  techniques 
have  been  developed  for  the  substrates  to  satisfy 
this  condition. 

A  further  condition  for  optimum  resonator  per¬ 
formance  is  that  non-divergent  power  flow  directions 


be  chosen  for  the  longitudinal  mode.  The  selection 
of  substrate  resonator  direction  is  substantially 
simplified  by  the  examination  of  specific  cases 
using  a  computer  program  which  treats  all  the  aniso¬ 
tropic  properties  of  candidate  media.  The  direct¬ 
ion  for  which  shear  mode  do  not  couple  to  the 
substrate  and  for  which  longitudinal  mode  energy 
is  confined  due  to  anisotrophy  is  the  ideal  case. 

An  additional  very  important  consideration  is  that 
the  temperature  coefficients  of  delay  be  as  small 
as  possible  consistent  with  the  above  criteria. 

The  iatter  goal  requires  a  compensating  mechanism 
in  the  substrate  medium  where  a  temperature  induced 
dimensional  change  is  mitigated  by  a  velocity  change 
so  that  the  propagation  delay  (resonant  frequency) 
remains  unchanged.  As  a  general  rule  this  means  a 
sign  reversal  among  the  elastic  moduli  and  the  temp¬ 
erature  coefficients  of  these  moduli.  A  resonator 
is  the  most  sensitive  check  on  previously  measured 
materials  parameters. 

Analysis  of  Substrate  Media 

The  temperature  analysis  of  substrates  is  aided 
by  computer  generated  plotting  formats  -  one  polar 
and  other  rectilinear.  Hidden  line  drawings  of  3- 
dimensional  temperature  coefficient  data  are  plan¬ 
ned  in  determining  the  most  suitable  directions  for 
low  temperature  coefficient  resonance  because  they 
are  visualized  easily. 

Our  previous  experiences  'with  optimization  rou¬ 
tines  in  searching  for  zero  temperature  SAW  direct¬ 
ions  showed  that  in  general  many  cases  require  a 
large  amount  of  computer  time.  Also,  our  experience 
has  been  that  larger  numbers  of  manual  runs  are  nec¬ 
essary,  especially  for  high  resolution  data. 

Q 

The  Christoff el  equation  and  the  equation  for 
the  power  flow  angle  form  the  basis  of  the  calcula¬ 
tion  carried  out  by  the  computer  program.  The 
Christoffel  equation  is  the  third  order  matrix  equa¬ 
tion  whose  roots  are  equal  to  the  mass  density  of 
the  crystal  multiplied  by  the  squares  of  the  phase 
velocity  of  one  of  the  planar  wave  solutions.  The 
normalized  eigenvectors  are  the  corresponding  part¬ 
icle  velocity  components.  The  computer  phase  and 
particle  velocities  are  used  to  compute  the  power 
flow  vector.  With  knowledge  of  the  temperature  co¬ 
efficients  of  the  elastic  moduli  a  simple  iterative 
procedure  over  desired  temperature  increments  yields 
the  velocity  change  with  frequency.  This  result, 
corrected  for  acoustic  path  length  change,  gives  the 
temperature  coefficient  of  delay. 

Provision  has  been  made  to  present  data  in  terms 
of  a  set  of  Miller  indices  and  Euler  angle  coordinate 
transformations,  is  made  somewhat  easier  with  this 
presentation.  As  mentioned,  3-D  hidden  line  drawings 
are  expected  to  be  the  most  useful.  Data  input  can 
be  read  from  punched  cards  or  from  a  previously  pre¬ 
pared  data  element  stored  in  a  user  defined  file.  A 
conversational  routine  with  prompts  is  used  to  call 
out  crystal  planes  of  interested  and  what  data  is  re¬ 
quired. 

Any  crystal  cut  (scan  plane)  is  available  a3  is 
shown  in  Figure  7,  which  is  the  temperature  coeffici¬ 
ent  delay  for  an  arbitrary  cut  in  spinel  (MgA^2°^). 
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Figure  7- 

The  longitudinal  mode  (solid  lice)  is  seen  to 
slightly  vary  about  the  24  ppm/  C  coordinate  as  a 
function  of  direction  in  the  plane.  The  dashed 
lines  in  the  plot  are  the  two  shear  modes.  Figure 
8,  shows  the  temperature  coefficient  plot  for 
Lithium  Niobate  in  the  X-Z  plane.  Along  the  X  di¬ 
rection  the  temperature  coefficient  exceeds  70  ppm/  C 
for  the  longitudinal  mode  decreasing  to  about  half 
what  value  in  the  Z  direction.  Figure  9  shows  (010) 
plane  normal  sapphire  which  includes  the  "a"  cut 
for  which  propagation  is  along  the  X  coordinate^ 

The  temperature  coefficient  of  delay  is  32  ppm/  C. 

Diamond,  at  present,  seems  to  be  a  very  good 
candidate  for  bulk  mode  resonators  as  is  shown  in 
Figure  10.  Here,  again,  the  X-Z  plane  (cube  face) 
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Figure  9. 

is  presented,  but  the  maximum  temperature  coeffi¬ 
cient  for  any  propggation  direction  in  the  plane  is 
less  than  8.0  ppm/  C. 

Results  of  Measurement 

A  measurement  of  the  frequency  shift  with  has 
been  carried  out  on  resonators  of  "a"  oriented 
sapphire  and  (111)  cut  diamond.  For  those  cuts  the 
compensate^  temperature  sensitivity  is  32  ppm/°C 
and  8  ppm/°C,  respectively.  The  substrates  have 
been  used  both  for  a  first  order  evaluation  of  the 
effect  of  the  transducers  on  temperature  sensitivity 
and,  in  the  case  of  diamond,  a  first  test  of  a  ma¬ 
terial  which  may  lead  to  temperature  stability.  In 
all  regards,  except  temperature  stability,  both  ma- 
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Figure  10, 


terials  would  be  suitable  for  resonator  fabrica¬ 
tion. 

Data  was  taken  the  range  of  0°C  and  100°C. 

The  sapphire  resonator  displayed  31.7  ppm/  C  and 
the  diamond  7*5  PFm/°C.  Though  these  age  preli¬ 
minary  measurements  .aing  within  1  ppm/  C  of  the 
computer  temperature  sensitivity  suggests  that 
actual  resonator  temperature  stability  is  close 
to  that  of  the  substrate  medium. 

Preliminary  measurements  of  phase  noise  as  a 
measure  of  oscillator  stability  have  been  carried 
out  by  using  the  bulk  acoustic  mode  resonator. 

The  results,  taken  with  a  delay  line  phase  bridge, 
are  equivalent  to  anything  which  has  been  achieved 
with  a  VHF  quartz  crystal  controlled  oscillator 
multiplied  to  the  same  frequency  range. 


7.  R.A.  Moore,  B.A.  Newman,  B.R.  McAvoy,  and  J. 
Murphy,  "Temperature  Characteristics  at  Micro- 
wave  Acoustic  Resonators,"  1979  IEEE  Interna¬ 
tional  Microwave  Symposium  Digest,  IEEE  Cat. 

No.  79CHL439-9  MTT-S,  pp.  171-173. 

8.  B.A.  Auld,  "Acoustic  Fields  and  Waves  in  Solids," 
Vol.  1,  p.  165,  Wiley  and  Sons,  1973* 


Conclusions 

Bulk  acoustic  microwave  resonators  are  de¬ 
scribed  which  demonstrate  Q's  of  over  15,000  and 
have  operated  through  1-10  GHz  frequency  rang'e. 
Favorable  temperature  characteristics  and  control 
of  a  low  noise  oscillator  operating  directly  at 
microwave  frequencies  have  been  shown.  The  os¬ 
cillator  has  equivalent  phase  noise  character¬ 
istics  to  quartz  crystal  controlled  oscillators 
multiplied  to  the  same  frequency. 
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Summary 

A  simple  phase-locked  loop  frequency 
synthesizer  can  be  treated  as  a  pair  of  phase- 
locked  oscillators.  The  sampling  action  of  the 
PLL  phase  comparator  can  limit  the  synthesizer 
switching  speed  both  theoretically  and  in  practice. 
The  sampling  action  also  limits  the  output  spectrum 
improvement  which  can  be  achieved  by  phase  locking. 
Some  results  are  given  and  compared  with  continuous 
and  sampled  data  analyses  of  a  model  of  the 
frequency  synthesizer  system. 


Introduction 

A  frequency  synthesizer  is  a  system  which 
attempts  to  transfer  the  stability  and  spectral 
purity  of  a  fixed  frequency  reference  oscillator 
to  a  digitally  set  variable  frequency  output. 
Frequency  synthesizers  are  also  often  required  to 
switch  as  rapidly  as  possible  from  one  frequency  to 
another. 

The  simple  phase  locked  loop  (PLL)  type  of 
digital  frequency  synthesizer  is  effectively  two 
oscillators  phase  locked  together.  All  phase 
comparators  are  in  fact  sampling  devices  and  in 
this  paper  we  show  how  this  limits  the  switching 
speed  and  the  degree  to  which  the  output  oscillator 
spectrum  can  be  improved  by  .phase  locking. 

Until  now  the  loop  bandwidth  has  usually  had 
to  be  much  lower  than  the  sampling  frequency  in 
order  to  reduce  the  effect  of  phase  comparator 
noise,  In  this  case  the  sampling  action  has 
little  effect  on  the  shape  of  the  output  spectrum 
or  on  the  switching  speed  and  these  can  be 
predicted  by  treating  the  frequency  synthesizer  as 
a  linear  continuous  feedback  control  system. 

However  with  the  new  Philips  lew  noise  phase 
comparator  the  loop  cut-off  frequency  and 
switching  speed  can  be  increased  until  the  effect 
of  the  sampling  action  is  very  apparent.  This 
paper  aims  to  explain  and  characterise  some  of  the 
effects  that  are  observed.  To  do  this  both 
continuous  and  sampled  data  system  analysis  is 
used.- 


The  System  Model 

Figure  1.  gives  the  block  diagram  of  a  typical 

PLL  frequency  synthesiser.  The  output  signal  from 

the  voltage  controlled  oscillator  (VCO)  at  frequency 

FQ  after  division  by  a  programmable  ratio  N  is 

phase  compared  with  the  stable  fixed  reference  at 

frequency  Fr.  Any  frequency  or  phase  error 

detected  by  the  phase  comparator  corrects  the  VCO 

frequency  until  a  stable  locked  condition  is 

achieved  with  F  =  NF_. 

o  r 

For  analysis  all  signals  and  transfer  functions 
are  defined  in  terms  of  the  output  phase  C(s)  and 
so  any  control  voltage  in  the  feedback  loop  is 
considered  to  be  equivalent  to  a  phase  value. 

The  phase  comparator  is  taken  to  be  of  the 
sample-hold  type  as  shown.  A  digital  phase 
comparator  of  the  type  which  gives  its  output  signal 
in  the  form  of  pulses  can  be  considered  as  a  sampler 
without  the  zero  order  hol'd  section.  However  as 
will  be  seen  later,  only  with  the  sample-held  type 
of  phase  comparator  can  the  theoretical  performance 
of  the  system  be  approached  in  practice.  Thus  the 
sample-hold  case  is  used  in  the  following  analysis. 

Three  noise  sources  are  shown.  U^(s) 
represents  the  spectrum  of  noise  from  the  reference 
together  with  any  noise  from  the  programmable 
divider.  In  practice  Ui(s)  is  made  very  small  and 
can  be  neglected  in  the  analysis.  U2(s)  represents 
the  noise  generated  in  the  phase  comparator.  It 
has  two  components.  The  first  is  a  flat  white 
noise  spectrum  which  is  assumed  to  be  generated  by 
the  active  devices  and  output  resistance  of  the 
phase  comparator.  There  can  also  be  a  1/f  noise 
spectrum  components  from  the  active  devices,  but  in 
general  this  is  usually  found  to  occur  below  the 
frequencies  of  interest  and  so  is  ignored  here. 

The  second  component  is  a  discrete  signal  at  the 
sampling  frequency.  This  ideally  should  not  exist, 
but  in  practice  it  occurs  because  of  crosstalk  in 
the  sampling  switch  or  because  of  leakage  in  the 
hold  circuit.  The  third  noise  source  U^s)  is  the 
VCO  phase  noise  which  is  assumed  to  dominate  other 
VCO  noise  sources  in  the  region  of  interest.  It 
causes  the  VCO  spectrum  to  have  a  1/f ^  character¬ 
istic  so  that  as  shown  in  Fig.  1  U^(s)  will 
represent  a  flat  spectrum  with  the  VCO  acting  as 
an  integrator  (with  a  pole  not  quite  at  s  •  0) . 
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The  loop  filter  is  shown  split  into  two  parts. 
The  proportional  plus  integral  section  determines 
the  type~of  the  feedback  control  system.  For 
example  if  the  integral  gain  is  set  to  zero  a  type 
1  control  characteristic  is  obtained.  This 
settles  with  a  zero  frequency  error  but  finite 
phase  error,  this  latter  being  indicated  by  the 
final  value  of  the  phase  comparator  output  voltage 
not  being  the  same  value  for  any  frequency  setting. 
A  finite  integrator  gain  makes  the  system  type  2 
so  that  no  phase  error  remains  in  the  steady  state. 
If  the  integrator  gain  is  made  much  lower  than 
optimum  what  is  called  a  "quasi-type  one"  system 
is  obtained.  This  can  give  a  faster  reduction  in 
frequency  error  than  a  type  2  system  with  an 
optimum  integrator  gain  but  at  the-expense  of  a 
slowly  decaying  final  phase  error. 


to  the  proportional  gain  K. 

A  fractional  frequency  jump  of  SFq  required  in 
the  output  frequency  F0  can  be  considered  to  be 
effected  by  a  sudden  phase  ramp  change  of  2tf6F0 
appearing  at  the  input  to  the  programmable  divider 
and  having  a  Laplace  transform  of  2n6F0/s2.  The 
phase  ramp  in  effect  is  caused  by  a  sudden  change 
in  the  programmable  divider  ratio.  The  closed 
loop  transfer  function  from  this  input  point  to  the 
error  signal  point  is  (l+KG(s))“*  so  that  for  the 
frequency  change  6Fq  the  putput  phase  error  is 
given  by  the  Laplace  transform 


E(s)  = 


2»6F0 

s2(1+K  G(s)) 


. . . . (2) 


The  second  part  of  the  loop  filter  is  a  low 
pass  section  which  is  used  to  reduce  the  effect 
of  both  phase  comparator  noise  components.  The 
cut-off  frequency  and  number  of  poles  may  either 
be  determined  by  the  wish  to  reduce  the  effect  of 
one,  or  the  other,  or  both  noise  components 
depending  on  their  relative  values  and  the 
synthesizer  noise  and  transient  response  specific¬ 
ation. 


Figure  2  is  a  root  locus  plot  for  this  with 
the  gain  K  as  a  parameter.  The  open  loop  poles 
are  of  course  those  of  equation  1.  If  we  choose 
a  =  b/9  and  K  =  b2/3  we  obtain  a  triple  closed  loop 
pole  at  s  =  -c  =  -3a.  This  is  defined  as  an 
optimum  because  it  represents  the  time  response  with 
the  fastest  decay  rate  and  minimum  of  overshoot. 

We  now  have  for  the  optimum 


The  usual  strategy  for  choosing  the  loop 
filter  is  to  aim  for  an  overall  system  with  the 
fastest  transient  response  without  any  serious 
degradation  of  the  VCO  spectrum  at  any  point  by  the 
phase  comparator  noise.  When  this  results  in  a 
loop  cut-off  frequency  which  is  much  lower  than  the 
sampling  frequency  it  is  easier  to  analyse  the 
synthesizer  as  a  continuous  control  system  rather 
tna  by  using  a  sampled  data  model. 


E(s)  = 


2ir6F0(s+3c) 

(s+c)3 


....(3) 


and  for  the  time  response  of  the  phase  error  by 
taking  the  inverse  Laplace  transform  of  E(s) : 

e(t)  =  2r6F0e"Ct(t-2ct2)  ....(4) 


Analysis  as  a  Continuous  System 

A  very  common  frequency  synthesiser  system 
choice  is  the  type  2  system  of  order  3  which  has  a 
single  extra  low  pass  loop  filter  section.  This 
is  therefore  taken  as  an  example  for  continuous 
system  analysis.  It  is  by  such  an  analysis  that 
one  can  see  if  the  sampling  action  of  the  phase 
comparator  is  likely  to  become  a  limiting  factor 
particularly  on  the  transient  response.  The 
criterion  for  this  will  be  seen  to  be  whether  the 
optimum  design  given  by  continuous  system  analysis 
requires  a  loop  cut-off  frequency  which  approaches 
or  exceeds  about  one  sixth  of  the  sampling 
frequency, 

Transient  Response 

The  transient  response  of  the  synthesiser  to 
frequency  steps  can  be  obtained  in  the  following 
way.  For  the  chosen  example  the  loop  transfer 
function  is  of  the  form 

K  G(sU  K(s*a)  ....(1) 

s2(s+b) 

where  the  low  pass  section  pole  is  at  s  =  -b  and 
a  «>  K^/K  being  the  ratio  of  the  integral  gain 


The  time  to  settle  for  a  given  frequency  step 
is  thus  solely  determined  by  the  parameter  c.  For 
convenience  c  is  defined  as  the  loop  cut-off 
frequency.  In  this  case  it  is  the  frequency  where 
the  loop  gain  has  dropped  to  unity,  this  represent- 
ingthe  knee  of  the  final  12  dB/octave  closed  loop 
response  roll  off.  c  is  now  chosen  to  be  as  large 
as  possible  whilst  still  allowing  the  output 
spectrum  requirements  to  be  fulfilled. 

The  Output  Spectrum 

The  three  noise  sources,  reference  noise,  phase 
comparator  noise  and  VCO  noise  can  be  respectively 
represented  by  their  power  spectral  densities 
U^o),  l^Cw)  and  UjCu).  The  baseband  output 
spectrum  C(w)  is  then  the  sum  of  the  noise  source 
contributions  each  modified  by  their  repsective 
power  spectrum  transfer  functions  from  input  points 
to  the  common  output. 

The  baseband  spectrum  is  transferred  to  r.f. 
by  the  frequency  or  phase  modulation  process  which 
occurs  in  the  VCO.  But  frequency  modulation  is  a 
highly  non-linear  process  where  all  components  of 
the  input  signal  intermodulate  with  each  other. 
However,  in  our  case  one  signal  is  much  stronger 
than  the  rest  and  it  has  a  very  narrow  spectrum. 
This  corresponds  to  d.c  or  w  =  0  in  the  baseband 
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and  to  the  carrier  or  output  frequency  signal  at 
r.f.  In  this  case  all  baseband  components  appear 
reflected  about  the  carrier  frequency  in  the  r.f. 
spectrum  as  if  frequency  modulation  were  a  linear 
modulation  process.  But  if  there  is  a  second 
discrete  component  in  the  baseband,  such  as 
arises  from  sampling  frequency  cross-talk  for 
example,  two  discrete  sidebands  will  be  created  on 
either  side  of  the  carrier  and  these  will  have 
spectra  which  are  exact  copies  of  the  main  carrier 
spectrum  with  its  noise  sidebands.  Effectively 
each  discrete  component  has  the  same  phase 
modulation  as  is  present  on  the  main  carrier. 

This  effect  is  apparent  in  the  frequency  synthesizer 
spectrum  shown  in  Figure  3a.  It  illustrates  how 
the  non-linear  FM  modulation  process  can  cause 
difficulties  in'  interpreting  baseband  noise  process 
from  observations  of  the  r.f.  spectrum. 

In  order  to  relate  theory  with  practice  it  is 
useful  to  be  able  to  predict  spectra  in  the  form 
in  which  they  appear  on  a  practical  spectrum 
analyser.  The  main  difference  in  the  displayed 
spectra  shape  arises  from  the  shape  and  bandwidth 
of  the  spectrum  analyser  filter  function.  The 
effect  is  negligible  on  smoothly  varying  noise 
spectra  but  it  means  that  narrow  spectral  lines 
appear  with  the  shape  of  the  filter  characteristic 
and  width  a  peak  amplitude  almost  equal  to  the 
total  power  of  the  line. 


Most  of  our  spectrum  measurements  are  made  on 
an  Adret  spectrum  analyser  with  a  fixed  bandwidth 
of  10  Hz.  In  the  following  calculations  of 
predicted  spectra  we  model  this  as  having  a  filter 
with  a  fifth  order  pole  with  a  damping  such  that  the 
noise  filter  bandwidth  is  10  Hz.  Thus  any  spectral 
components  of  power  A  which  are  substantially 
narrower  than  10  Hz  are  assumed  to  have  a  power 
density  spectrum  which  gives  a  spectrum  analyser 
output  of 

AFi=  A.  (Jt i 
^2+33.9 


To  calculate  the  theoretical  spectrum,  first 
we  assume  the  spectral  distributions  but  not 
amplitudes  of  the  noise  sources.  Next  we  calculate 
the  closed  loop  transfer  function  G(s)  from  a  noise 
source  to  output  and  convert  it  to  a  power  spectrum 
transfer  function  by  one  of  the  following 
expressions: 

G (m)  =  |G(ju)|2  =G(ju)G(-ju)=G(s)G(-s)  I 


s=jw 


....(6) 

The  product  of  the  noise  source  spectral  distribut¬ 
ion  and  its  G(w)  then  gives  its  contribution  to  the 
output  spectrum.  The  amplitude  of  the  contribution 
is  usually  back  calculated  by  an  appropriate  spot 
measurement  on  the  observed  spectrum  that  is  being 
modelled.  Finally  any  discrete  signals  present 
are  given  the  same  noise  spectral  distribution  as 
the  main  carrier. 

For  example  applying  this  method  to  the  type  2 


order  3  system  under  consideration  we  obtain  for 
the  spectrum  analyser  output  in  terms  of  cyclic 
(not  angular)  frequency  f 

S(f)=10  log10|F1+F2F3+10PF4+Ar(F11+F12F13+10PF1^ 


....(7) 


where  F^  is  the  carrier  component  with  a 
distribution  given  by  the  analyser  filter  i.e. 


....(8) 


If  the  reference  oscillator  is  very  noisy  then  its 
spectrum  shape  should  be  used  instead  of  Fias  above. 


F2  is  the  VCO  output  natural  phase  noise 
spectrum  which  is  assumed  to  have  a  6  dB  per  octave 
roll-off.  ?2  *s  designed  to  take  account  of  the 
analyser  10  Hz  bandwidth  in  that  F2<1  for  all  f. 

It  is  defined  in  terms  of  a  parameter  x  which  is 
determined  by  the  VCO  noise  Nd  relative  spectral 
density  at  frequency  d  from  the  carrier.  Thus 


„  _  10X  ....(9) 

f2  “  _ 

f2+10x 

with  x  =  Nd  x  d2  ....(10) 


Fj  is  the  transfer  function  of  the  VCO  noise 
to  the  output;  it  represents  the  improvement  that 
the  negative  feedback  loop  provides.  It  is 
therefore  a  function  of  the  closed  loop  system  in 
question,  in  this  case  an  optimum  type  2  order  3 
system.  It  can  therefore  be  shown  to  be 

t, .  i4«2*s'2>  ....(id 

(12«2)3 

where  c  is  in  Hz  and  not  rad  sec  3  as  previously. 


P  is  the  assumed  flat  phase  noise  level. 

It  can  be  estimated  in  practice  by  measuring  the 
synthesizer  noise  spectrum  close  to  the  carrier. 


F,  is  the  power  spectrum  transfer  function  for 
the  phase  noise  and  for  the  system  in  question  is 


c4(9f2+c2) 

(f2+c2)3 


....(12) 


Ar  is  the  amplitude  of  the  spurious  component  at 
baseband  frequency  r. 

v  Jll’/l2’  F13  a"d.F14fare  respectively  F, 

F2,  F.  and  shifted  in  frequency  by  ±r  where 
r  is  the  spurious  frequency,  This  is  effected  by 
letting  f  become 

f  ->■  |f|-r  ....(13) 
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Results  of  Continuous  System  Analysis 

The'spectrum  analyser  output  predicted  by 
equation  7  has  been  programmed  on  a  Hewlett  Packard 
9825A  desk  calculator  so  that  on  the  associated 
X-Y  plotter  it  produces  spectrum  plots  of  the  same 
size  as  those  obtained  from  an  Adret  spectrum 
analyser.  In  this  way  the  predicted  and  measured 
results  can  be  directly  compared. 

For  example.  Figure  3b  shows  a  predicted 
spectrum  which  displays  similar  features  to  those 
shown  in  the  measured  spectrum  of  Figure  3a.  The 
repetition  of  the  main  carrier  spectrum  can  be 
correctly  observed  on  the  spurs.  But  as  will  be 
seen,  the  predicted  spectrum  shown  here  ignores 
the  suppression  of  the  carrier  sideband  noise  at 
the  sampling  frequency  effected  by  the  sampling 
action  of  the  phase  comparator.  The  VCO  spectrum 
that  would  be  observed  in  the  absence  of  phase 
locking  is  also  plotted  in  Figure  3b  for  comparison 
purposes  and  on  all  subsequent  predicted  plots. 

Figures  4a  and  4b  show  another  comparison 
between  practice  and  theory.  In  this  case  the 
synthesizer  had  been  correctly  adjusted  for  an 
optimum  transient  response.  This  can  easily  be 
achieved  by  observing  the  phase  comparator  output 
with  a  square  wave  either  applied  to  the  VCO  input 
directly  or  used  to  switch  one  of  the  digits  of  the 
programmable  divider.  The  proportional  and 
integral  loop  gains  are  then  trimmed  until  the 
fastest  exponential  decay  of  the  transient  output 
of  the  phase  comparator  is  observed.  The  close 
agreement  between  theory  and  practice  in  this  case 
also  confirms  the  validity  of  the  assumption  of  a 
flat  spectrum  phase  comparator  noise.  The  VCO  used 
in  this  case  was  in  fact  a  VCXO.  This  was  used  in 
order  to  be  able  to  observe  the  phase  comparator 
noise  uncorrupted  by  any  VCO  noise. 

Figure  5  shows  how  for  a  given  phase  comparator 
noise  the  predicted  output  spectrum  changes  rapidly 
as  the  loop  cut-off  frequency  c  is  changed.  If 
the  phase  noise  is  low  a  high  value  of  c  can  be  used 
without  the  VCO  spectrum  being  degraded  excessively 
at  any  point.  If  then  the  phase  comparator 
sampling  frequency  is  low  we  find  in  practice  that 
this  continuous  system  model  is  no  longer  valid  and 
a  sampled  data  model  is  required  to  predict  the 
system  characteristics. 

Analysis  as  a  Sampled  Data  System 

In  the  following  we  show  how  the  sampling 
action  limits  the  transient  response  and  effects 
the  output  spectrum  of  a  frequency  synthesiser. 

In  this  case  we  assume  a  system  model  as  in  Figure 
1  with  a  type  2  order  2  system  in  which  the  low  pass 
loop  filter  section  is  not  present. 

Sampled  Data  Transient  Response 

Using  sampled  data  z-transform  analysis  the 
open  loop  transfer  function  including  the  sampler 
and  zero  order  hold  is 


KG(z)  =  Z 


K(s+a)(l-e"sT) 


K’  (z+a1) 
(z-1)2 


■•(14) 


where  K'  =  KT(aT+l) ,  a’=(aT-l) /(aT+1) , 

a=Ki/K  as  before  and  T  is  (Fr)”l  the  sampling  period 

The  z-plane  root  locus  in  Figure  6a  shows  that 
the  closed  loop  poles  can  be  moved  into  the  optimum 
response  position  at  the  centre  of  the  unit  circle 
if  we  have  a'=|  and  K'=2.  It  also  shows  that  if 
the  loop  gain  K'  in  an  attempt  to  increase  the  loop 
cut-off  frequency  is  increased  beyond  2%  the  system 
becomes  unstable. 

A  frequency  jump  of  SF0  is  represented  by  a 
ramp  transform 


R(z)  =  2tt6Fo  Tz  ....(15) 

(z-1)2 

and  the  closed  loop  error  transform  is  (l+K'G(z))-* 
so  that  the  optimum  phase  error  response  with 
a'  =  i,  corresponding  to  a  =  1/3T,  and  K'  =  2, 
corresponding  to  K  =  3/2T, is 

E(z)  =  2tt6FqT/z  ....(16) 

This  has  a  sampled  time  response  corresponding  to  a 
single  error  signal  impulse  at  time  t  =  T  after  the 
step.  At  time  t  =  2T  there  is  no  residual  error. 

Thus  the  optimum  type  2  order  2  system  has  a 
dead-beat  response  with  no  phase  error  remaining 
two  sampling  periods  (2T)  after  the  frequency  jump. 
This  is  clearly  a  very  fast  response. 

By  a  similar  argument  one  can  show  that  an 
ideal  type  1  order  1  system  comes  to  rest  after 
only  one  sampling  period.  See  Figure  6b  for  root 
locus. 

Sampled  System  Spectra 

For  a  sinusoidal  component  of  VCO  noise  V(ju) 
at  frequency  u,  we  can  calculate  the  resulting 
contribution  to  the  phase  output  signal  C(s)  as 

Cv(jw)  -  ,V(j.^ _  ....(17) 

1+K  G  (jw) 

For  a  sinusoidal  component  of  phase  noise  P(jw)  the 
contribution  is 

Cp(ju)  =  P(jt0)KG(jM)  ....(18) 

l+KG*(ju) 

KG*(ju)  is  the  sampled  sinusoidal  signal  loop 
transfer  function.  For  the  type  2  order  2  system 
we  can  put  z  =  es*.  ■*  elu  in  this  case  so  that  we 
have: 
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B(jw)  = 


(z-1) 


=  (l-e_j“T)" 


l+KG*(ju)  l+K'G(z)  z2  ....(19) 

4  e^1  Sin2(toT/2)  ....(20) 


To  convert  this  to  a  power  spectrum  transfer 
function  we  put 

2  . 

B(w)  =  | B ( j u)  |  =  16  Sin  (toT/2)  ....(21) 

Implicit  in  putting  z  =  in  the  above  is 
that  one  is  treating  only  the  primary  signal 
component  of  the  impulse  sampler  assumed  in  the 
z-transform  analysis.  Further  examination  of  the 
system  shows  that  in  practice  the  secondary 
spectrum  components  are  swamped  by  the  primary 
component  spectrum. 

Using  equations  17,  18  and  21  we  can  deduce 
the  following  new  expressions  for  and  F,  to  be 
used  in  equation  7  to  derive  the  predicted 
sampled  system  spectrum.  F^  for  the  VCO  noise 
becomes 


Limitations  of  Digital  Phase  Comparators 

A  digital  phase  comparator  differs  from  the 
sample-hold  phase  comparator  in  that  it  provides 
its  output  signal  in  the  form  of  pulses.  For 
example,  in  the  Philips  frequency  synthesiser  chip1 
there  is  a  digital  phase  comparator  which  acts  as  a 
back-up  for  the  lor  noise  phase  comparator  when 
large  frequency  steps  are  made.  Such  a  phase 
comparator  has  a  tristate  output  such  that  for  no 
phase  error  the  output  can  be  considered  to  be  at 
half  the  supply  voltage  i.e.  at  V/2.  Then  a 
positive  phase  error  for  instance  gives  positive 
pulses  going  from  V/2  to  V  with  a  length 
proportional  to  the  error  whilst  a  negative  error 
similarly  gives  pulses  going  to  V/2  to  0  volts. 

The  total  phase  range  in  this  case  is  from  — 2rr  to 
+2it  radians  implying  a  gain  after  averaging  the 
output  of  V/4n. 

For  a  sampled  data  analysis  the  digital  phase 
comparator  can  be  modelled  as  a  perfect  impulse 
sampler  which  provides  impulses  at  the  sampling 
instants  equal  in  amplitude  to  the  area  of  the 
error  pulses.  It  then  has  an  equivalent  gain 
associated  with  the  sampler  of  K2  =  VT/4ti. 


F3  =  16  Sin4(r  fT)  ....(22) 

where  T  =  Fr-^  is  the  sampling  frequency. 

For  the  phase  noise  transfer  function  we  have 

F>  „  (9f2T2+l)  Sin4(trfT)  ....(23) 

4  (jtfT)4 

Figure  7  shows  the  predicted  optimum  2  order 
2  spectrum  for  the  case  of  no  phase  comparator 
noise.  It  is  clear  that  some  degradation  of  the 
VCO  spectrum  occurs  at  half  the  sampling  frequency 
although  the  close-in  noise  and  the  noise  at  the 
sampling  frequency  is  suppressed. 


For  the  open  loop  transfer  function  we  have 
from  Figure  9  _ 


K  G(z)  =  Z 


K(s+a)e 


-sT 


L  „2 


;  K"(z+a)  ....(24) 


where  K"  =  K  and  a"  =  aT  -1 

The  extra  e~sT  represents  the  fact  that  the  phase 
comparator  responds  to  any  new  phase  error  one 
period  T  late. 


As  be'ore  the  optimum  system  is  obtained  when 
K"  =  2  and  a"  =  }.  In  terms  of  the  component  gain 
values  for  the  synthesizer  system  shown  in  Figure 
9  we  have 


Figure  8a  shows  the  on  the  predicted  plot  how 
the  comparator  noise  of  the  system  is  also  suppressed 
at  the  reference  frequency.  Figure  8b  shows  a 
predicted  spectrum  with  reference  spurs.  Figure 
8c  shows  a  measured  spectrum  of  a  synthesiser  with 
effectively  no  extra  loop  filter.  The  spurs  at  a 
spacing  of  Fr/3  are  due  to  pickup  and  should  be 
ignored. 

In  practice  it  is  never  possible  to  achieve 
a  type  2  order  2  system.  Always  there  are  extra 
poles  introduced  by  such  practical  limitations  as 
the  necessity  to  r.f.  decouple  the  VCO  input  or  the 
fact  that  the  sample  hold  switch  always  has  a 
finite  on  resistance. 


2  =  K"  =  K  =. 


KjK2R2 


tJR. 


KiVTR2 

4nNP., 


K[VR2 


....(25) 


where  the  VCO  output  frequency  in  Hz  is  F  =  N/T, 
and  K[  =  K,/2n  is  the  VCO  sensitivity  in  Hz  per 
volt. 


From  equation  25  we  have  for  the  proportional 
gain  part  of  the  operational  amplifier  transfer 
function 


4F 


....(26) 


On  the  basis  that  the  optimum  proportional 
gain  value  for  the  sampled  data  system  would  have 
resulted  in  a  continuous  system  unity  gain 
frequency  of  c  =  3/4n  =  J  times  the  sampling  or 
reference  frequency,  this  value  can  be  chosen  as 
indicating  the  limit  of  the  validity  of  the 
continuous  analysis.  For  the  pulse  type  digital 
phase  comparator  the  limit  is  l/2n  t  1/6.  For 
simplicity  the  limit  of  c  =  1/6  x  F  is  chosen  as 
covering  both  cases.  1 


In  a  typical  practical  synthesiser  at 
F  =  100  MHz  the  VCO  sensitivity  K,  would  not 
exceed  about  10  MHz/volt,  and  V  =  10  volts,  say. 
This  then  requires  that 

R,  4  x  100  , 

2  s  _  =  4 

Rx  10  x  10 
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corresponding  to  an  a.c.  gain  of  four  in  the 
operational  amplifier  stage. 

But  if  the  phase  comparator  is  giving  out 
V/2  =  5  volt  pulses  the  operational  amplifier 
output  must  saturate  and  only  give  5  volt  pulses 
rather  than  the  20  volt  pulses  called  for.  This 
is  true  for  any  practical  system  unless  the  VCO 
sensitivity  is  excessively  high.  The  a.c.  gain 
of  the  operational  amplifier  stage  can  never 
exceed  an  effective  value  of  unity  and  so  in  this 
case  the  effective  loop  gain  will  be  a  factor  4 
too  low.  Hence  the  optimum  fastest  system  can 
never  be  achieved  and  one  must  accept  a  system 
with  a  much  longer  transient  response  and 
switching  time. 

This  effect  prevents  any  frequency  synthesizer 
containing  a  digital  phase  comparator  from  being 
operated  with  an  optimum  dead-beat  response. 

Conclusions 

Linear  analysis  of  the  PLL  as  a  continuous 
system  has  shown  how  a  PLL  digital  frequency 
synthesizer  can  be  designed  for  the  best  compromise 
between  the  switching  speed  and  output  noise 
spectrum. 

Sampled  data  analysis  of  the  system  shows  that 
there  is  an  absolute  limit  on  the  transient  response 
and  switching  speed  which  cannot  be  exceeded. 
Comparison  with  the  continuous  system  analysis 
shows  that  this  limit  can  come  into  play  even  if 
the  synthesizer  is  only  designed  for  low  noise  and 
not  fastest  response  time.  The  limit  of 
applicability  of  the  continuous  method  is  when  the 
required  loop  cut-off  frequency  approaches  one  sixth 
of  the  sampling  frequency. 

The  sampling  action  of  the  phase  comparator 
can  improve  the  output  noise  spectrum  around  the 
reference  frequency  sidebands  but  at  the  expense  of 
increased  noise  elsewhere.  However,  in  practice 
cross-talk  in  the  sampling  switch  can  produce 
•reference  frequency  spurs  having  the  same  noise 
spectra  as  the  main  carrier  component.  These  can 
mask  the  noise  improvement  obtained  around  the 
reference  frequency  sidebands. 

Comparisons  of  practical  spectrum  measurements 
with  the  theoretical  predictions  derived  here  from 
continuous  and  sampled-data  systems  analysis  have 
shown  good  agreement  between  theory  and  practice. 
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Figure  1  Frequency  synthesizer  block  diagram 
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Figure  2  Type  2  optimum  root  locus 
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Measured  optimum  type  2  spectrum  Figure  4b  Predicted  optimum  type  2  spectrum 
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Figure  8c  Measured  fnstest  type  2  with  PC  noise 
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Summary 

In  this  paper  the  authors  studied  the  m/n 
frequency  synchronization  characteristics,  as 
itemized  below. 

(1)  Derived  the  equations  for  calculating  m/n 
frequency-dividing  ranges  and  substantiated 
the  derived  equations  by  experiments. 

(2)  From  the  equations  derived  as  above,  proved 
the  mutually-adjoining  frequency-dividing 
ratios  within  the  synchronization  range  are 
of  Farey  series. 

(3)  Ascertained  that  the  frequency  divider  using 
the  A-shaped  three-terminal  negative  resist¬ 
ance  device  enables  m/n  frequency  division 
with  a  large  synchronization  margin,  and 
verified  this  by  experiments. 

Introduction 

As  negative  resistance  devices  of  voltage 
controlled  type  m  addition  to  the  conventional 
N-shaped  devices,  A-shaped  devices  are  announed 
lately  and  two  terminal  device  is  analyzed  and 

studied1* . 

We  have  been  engaged  in  proveraents  and 
applications  of  A-shaped  three-terminal  negative 

resistance  devices2  .  Earlier  the  authors 
developed  2  elements  A-shaped  three-terminal 
negative  resistance  devices  of  which  operating 
principle  is  essentially  different  from  that  of 
the  traditional  three-terminal  negative  devices. 
We  found  that  these  new  type  negative  resistance 
devices  have  such  excellent  features  as  the  A- 
characteristics  are  translated  by  an  amount 
corresponding  to  the  voltage  change.  We  found 

further  that  the  CR  oscillator  which  employs  the 
three-terminal  negative  resistance  device  is  a 
new  type  oscillator  with  a  low  power  consumption, 
its  oscillating  frequency  is  very  stable  against 
the  supply  voltage  change,  the  output  voltage 
remains  constant,  the  oscillating  frequency  range 
is  as  wide  as  ten  times  of  that  uses  the 
conventional  element,  and  the  oscillation  start 

4) 

supply  voltage  is  as  low  as  1  volt  or  lower  . 

At  first,  we  will  show  the  characteristics 
of  the  A-shaped  negative  resistance  devices  to 


make  clear  its  characteristics  and  also  the  char¬ 
acteristics  when  such  devices  are  appjied  to  a  CR 
oscillator.  In  this  study  we  are  going  to  discuss 
the  theory  of  m/n  frequency  synchronization  range, 
m/n  frequency  division  synchronization  range  when 
external  pulse  voltage  is  applied  to  this  CR 
oscillator  and  have  found  that  the  Farey  series 
is  applicable  to  its  result.  Last  we  will 
indicate  that  an  m/n  frequency  divider  of  a  large 
synchronization  margin  can  be  obtained  with  the 
frequency  divider  using  this  A-shaped  three- 
terminal  negative  resistance  device. 

A  A-Shaped  Three-Terminal  Negative 

Resistance  Device  and  the  CR  Oscillator 

Device 

Fig.l  shows  equivalent  circuits  of  the  A- 
shaped  negative  resistance  devices.  Fig.l (a) 
shows  an  equivalent  circuit  of  the  two  terminal 
A-shaped  negative  resistance  device  which  is 
called  as  a  A-shaped  diode,  and  consists  of  two 
complementary  depletion  type  field  effect 
transistors (FET) .  Fig. 1(b)  and  (c)  show  the 
A-shaped  three-terminal  negative  resistance 
devices  (hereafter  we  call  them  A-shaped 
transistor).  Fig. 1(b)  shows  a  conventional  A- 
shaped  transistor  which  consists  of  3  elements 
so  that  the  current  flowing  through  A-shaped 
diode  can  be  controlled  with  the  third  FET. 

We  call  this  type  of  A-shaped  transistor  as 
TA-shaped  transistor.  Fig. 1(c)  shows  a  new 
type  A-shaped  transistor  which  consists  of 
2  elements,  and  this  type  of  A-shaped  transistor 
does  not  need  comlementary  FET's.  We  call  this 
type  of  A-shaped  transistor  as  BA-shaped 
transistor.  We  use  the  symbol  of  Fig. 1(d)  to 
express  A-shaped  transistor.  These  devices  can 
be  analyzed  the  operation  by  means  of  the  char¬ 
acteristics  of  each  transistor. 

Fig. 2  shows  the  results  of  BA-shaped 
transistor.  Fig. 2 (a)  shows  the  Ig  vs  Vfl„ 

characteristics  with  as  parameter,  (b)  shows 
AG 

the  I„  vs  V. _  characteristics  with  V  „  as 

G  AS  AG 

parameter.  The  solid  lines  are  theoretical 
values,  and  the  dotted  lines  are  experimental 
values.  Their  two  types  of  values  conform 
quite  well. 
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(4) 


The  characteristics  of  these  BA-shaped 
transistors  can  be  summarized  as  follows. 


V  =  L  S  , 
out  SP  SE  ' 


1)  When  is  saturated,  Ig  vs  VAg  characteristics 

with  VAG  as  parameter  are  translated  into  the 

direction  of  higher  V^s  by  an  amount  corresponding 

to  increment  Av  „  of  V„_,  while,  its  shape  remains 
AG  AG 

unchanged. 


2)  Translation  domain  of  is  its  saturation  domain 
and  can  be  expressed  as  follows; 


VASS 


pn 


(1) 


V  ;  pinch  off  voltage  of  . 


3)  In  the  domain  where  Eq. (1)  is  satisfied, 
the  peak  current  Igp  of  Ig  remains  constant 

irrespective  of  V,_. 

AG 


then  provide  Igp  is  constant,  VQut  remains  constant. 


As  the  I  vs  V  _  characteristics  of  the  BA- 
S  AS 

shaped  transistor  satisfy  Eq. (1) ,  it  can  be  said 
that  so  far  as  Eq. (5)  is  satisfied,  the  oscillating 
frequency  and  the  output  voltage  of  the  CR  oscillator 
using  the  BA-shaped  transistor  remained  constant 
irrespective  of  the  supply  voltage  change. 


VA§ 


+  I 


sprse  • 


(5) 


rig. 5  shows  the  oscillating  characteristics 
against  source  voltage  variation  and  oscillating 
frequency  deviations  characteristic  against  source 
voltage  variations.  These  curves  indicate  that 
the  oscillations  start  voltage  is  0.6V,  and  when 
the  source  voltage  is  higher  than  2V,  the  change 
in  the  output  voltage  is  small  and  Af/f  is  as  small 

as  2  X  10-4/V. 


Judging  from  these  characteristics,  application 
for  the  CR  oscillator  to  stabilized  its  oscillating 
frequency  can  be  considered  and  application  for 
high-stability  frequency  divider  will  be  possible. 

A  CR  Oscillator 


Fig. 3  shows  a  CR  oscillator  using  the  A- 
shaped  transistor  such  like  shown  in  Fig. 1(b) 
and  (c) ,  is  organized  respectively  by  connecting 
capacitor  C  across  anode (A)  and  gate (G) ,  resistor  R 
across  G  and  ground(E),  R  across  source(S)  and  E. 


The  voltage  across  G  and  E,  V_E  is  dertermined 
by  the  following  equation. 


GE 


VA  “  VAG  +  IC 


SE  ' 


(2) 


Thus,  when  oscillating  conditions  are  satisfied 
by  superimposing  load  line  which  represents  load  R 

bb 

on  Fig. 2 (a)  to  read  the  cross  points  with  character¬ 
istic  curves  and  substituting  its  values  at  cross 

points  to  Eq.  (2) ,  the  relation  between  V  ar.d  I_ 

bb  b 

is  determined  as  solid  line  in  Fig. 4,  and  oscillation 
occurs  with  a  cycle  of  a  •>  b  ■>  c  >  d  »  e  ->a. 


An  m/n  Frequency  Divider 

Fig. 6 (a)  shows  the  waveform  of  V_„  of  the 

GE 

circuit  depicted  in  Fig. 3.  As  this  gate  waveform 

is  linear  between  V„  and  V„  via  a,  b  and  c,  we 
Ga  Gc 

approximate  it  as  a  straight  line.  This  is  a 

significant  characteristic  if  compared  to  that  of 

a  multivibrator  which  has  non-linear  part  in 

charge  curve  at  d  .scharge-starting  voltage. 

Fig. 6(b)  shows  a  waveform  when  external  voltage 

is  applied  and  synchronized  at  division  ratio  m/n. 

On  Fig. 6,  regarding  to  external  input  pulse, 

V  stands  for  pulse  voltage,  T  for  period  and 
P  P 

6  for  duty  factor.  Since  f  equal  1/T,  fD  equal 
1/Tp,  the  following  equation  can  be  written  for 
the  frequency  division  ratio  m/n. 


(6) 


The  low  limit  voltage  V  .  . 

s(m,n) 


be  expressed  below. 


of  V.,  can 
r 


Oscillating  frequency  f  is  approximated  by 

considering  the  charge  of  C  in  the  period  of  V_  to 

Ga 

V_  in  Fig. 4  as  following  equation. 

Gc 

f  •=.  1  /  [  crge  (in  vGa  -  m  VGc)  )  .  (3) 

Eq.(3)  signifies  that  when  the  external  passive 

elements  C  and  R__  are  constant,  oscillating 
GE 

frequency  f  depends  on  V_  and  V_  .  Therefore,  m 
Ga  Gc 

order  that  V„  and  V„  remained  constant  with 
Ga  Gc 

respect  to  the  change  in  Vft,  the  relationship 

between  V  and  I  must  be  maintained  constant. 

GE  S 

Therefore  from  Eq.(2)  in  order  that  the  relationship 

between  V  and  I  remains  constant  under  the 
GE  S 

condition  of  that  R__  is  constant,  the  changes  in 

bfc> 

V, _  and  V  must  be  equal.  Further,  the  output 
AS  AG 

voltage  VQut  is  expressed  as 


Vs(m,n) 

V  -  V 
Ga  Gc 
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(7) 


The  upper  limit  of  Vp  is  determined  when 

the  trading  edge  of  the  pulse  which  is  denoted  as 

n’tfc  pulse (lin’-Cn)  and  which  is  nearist  to  tho  V_ 

GC 

has  reached  vGc-  Therefore  Eq.(3)  stands  by 

the  upper  limit  voltage  nj  when  the  circuit  is 

in  synchronization  with  the  frequency  division  ratio 
of  m/n  and  assuming  that  the  n’th  external  input 
pulse  is  within  tut  ra'th  cycle (lrm'-m)  of  the  CR 
oscillator  output. 


V 

h(n,n) 

v„  -  V  " 
Ga  Gc 


tn-  6>f-  . 

P 
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Kext  we  explain  how  to  find  m'  and  n' . 
m'  and  n'  are  determined  as  integers  which  minimize 
T(»' ,n'),  difference  between  n'T  and  n’Tp.  Kowever 
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a  T(m',n')  is  required  to  be  positive,  m'  and  n'  are 
expressed  with  the  following  equations. 

T(m' ,n‘ )  =  m'T  -  n'Tp  =  0  .  (9) 

Also  because  the  circuit  is  synchronizing  other 
frequency  division  ratio  Of  m/n,  T(m,n)  is  expressed 
by  the  following  equation. 

T(m,n)  =  mT  -  nTp  .  (10) 

T(m' ,n')  can  be  written  by  Eq. (11)  from  Eq. (9) 
and  Eq. (10) . 

T(m' ,n')  =  —  [  LTp  +  m’T (m,n)  )  ,  (11) 


0.5if/fp£l,  0<Vp/(VGa-VGc)^0.5,  Pig. 9  is  for  Olf /f p < 
0.5,  °=-vp/^vGa-vGc)^0-^  and  Fig -10  is  further 
expansion  of  f/fp  for  the  section  0£f/fp40.1. 

The  above  relationship  is  similar  to  that  of 
Farcy  series.  Presenting  the  Farey  series  as  Fig. 11, 
the  already  explained  upper  limit  voltage  of 
m/n  frequency  division  synchronization  is  determined 
by  the  rational  number  at  the  tail  end  of  allow  on 
the  right  hand  which  is  pointed  toward  m/n. 

Therefore  when  the  duty  factor  6=0,  the  upper  limit 
voltage  of  V5  frequency  division  synchronization 
is  the  lower  limit  voltage  of  2/3  frequency  division 
synchronization.  Thus  the  synchronization  range 
for  frequency  division  ratio  m/n  can  be  easily 
found  by  using  Farey  series 


where, 

L  =  m'n  -  mn' .  (12) 

Now  because  L=l,  m'  and  n'  for  a  making 
minimum,  T(m' ,n‘)  can  be  found  to  be  L=1  by 
solving  Diophantine  equation  of  Eq. (12) . 

From  this  equation  m’  and  n'  can  be  found  using 
Euclidean  algorithm  as  follows. 

n  =  d^m  +  a^ 

m  =  d  a  +  a 
2  3  4 


ak-i  =  dk-lek  +  ak+l 
\  =  dk\+l  +  X/ 


Fig. 12  is  the  frequency  division  characteristics 
ot  the  CR  oscillator  using  the  conventional  TA-shaped 
transistor  and  Fig. 13  is  that  of  the  CR  oscillator 
using  the  BA-shaped  transistor  both  are  for  a  fre¬ 
quency  division  of  1/1,  2/3,  3/5,  4/7  and  5/9. 

Now  the  width  of  synchronization  range  is  defined 

in  terms  of  the  synchronization  margin  which  is  given 

as  the  ratio  between  the  maximum  source  voltage 

variation  range  within  which  synchronization  for 

a  division  ratio  m/n  is  attainable  and  the  maximum 

source  voltage  with  which  the  synchronization  is 

attainable.  As  shown  in  Fig. 14  denoted  by  the 

minimum  source  voltage  Vr  ,  ,  of  the  widest 

L(m,n) 

allowable  source  voltage  change  for  m/n  and 
by  the  maximum  source  voltage  ^ ,  the  synchro¬ 

nization  margin  can  be  expressed  with  the  following 
equation. 


from  this  relationship 
1  =  ak  '  dka)+l 

=  “k  -  dk<ak-i  -  dk-iV 

=  _dkak-l  +  u  +  dk-ldk)ak 


In  this  method,  the  subscript  of  "a"  is 
sequentially  reduced  and  converted  into  a  following 
equation. 

1  =  Mn  -  Nm  .  (13) 


n(m,n) 


H(m,n) 


V, 


L(m,n) 


V. 


H(m,n) 


V 

L(m,n) 

VH(m,n) 


(17) 


Now  we  explain  the  synchronization  margin  by 
comparing  the  aforementioned  two  types  of  oscillators 
at  a  frequency  division  ratio  of  3/5.  The  synchro¬ 
nization  margin  n.,  ,,  for  V  in  the  cace  of  tA- 

\-3  fj)  A 

shaped  transistor  is  2.6  %,  and  that  of  the  BA¬ 
shaped  transistor  is  97  %.  Even  when  the  section 
where  the  synchronization  range  is  parallel  to 

is  taken  into  consideration,  the  synchronization 
margin  is  93  %,  which  is  as  several  tens  times  of 
that  in  the  case  of  the  conventional  TA-shaped 
transistor. 


Where,  both  M  and  N  have  a  same  sign.  Therefore 
the  solutions  are  found  as  follows; 

M(N)  >0  m'=M,  n'=n  (14) 

K(N)  <0  :n'=m-M,  n'=n-N  .  (15) 

Thus  synchronization  range  at  the  frequency 
division  ratio  of  m/n  can  be  obtained  as  below. 

0  = -  nr  =  7 i  +  e  >f- 

P  Ga  be  P 

(16) 

Fig. 7  to  10  show  the  synchronization  ranges 
with  6=0.  In  these  figures,  (a)  is  the  thsoreti-al 
valuer  and  (b)  is  the  experimental  values. 

Fig. 7  shows  the  synchronization  range  for  a  overall 
region  of  frequency  division  with  detail  omitted 
Fig. 8  is  the  magnified  view  of  the  section  ti ... 


Fig. 15  shows  the  result  of  measurement  on 
synchronization  range  to  the  divider  using  BA¬ 
shaped  transistor  under  the  condition  where  f/fp 

is  selected  as  0.35  at  V^=15  V.  The  synchronization 

margin  for  source  voltage  at  frequency  ratio  5/14 

was  87  %. 

Fig. 16  shows  the  gate  to  ground  voltage 
waveform  and  output  voltage  waveform  at  frequency 
division  rat>o  3/8.  The  top-  waveform  is  that 
between  gate  and  crouns  and  bottom  one  is 
the  output  waveform. 

Fig. 17  shows  an  example  of  short-term  frequency 
stability  characteristics  with  apparatus  depicted 
m  Fig. 18.  In  Fig. 17,  it  is  evaluated  as  a  square 
root  of  Allan  variance.  The  solid  lines  are  for 


the  divider  using  a  EA-shaped  transistor  and  the  dotted 
lines  for  one  using  PLL.  From  these  data  it  is  derived 
that  the  short-term  frequency  stability  is  as  good  as 
that  of  PLL. 

Conclusion 

Through  our  study  on  m/n  frequency  divider  using 
the  A-shaped  three-terminal  negative  resistance  device 
which  is  called  the  TA-shaped  transistor,  we  found 
the  following: 

1)  We  made  the  m/n  frequency  division  synchronization 
region  clear. 

2)  Wesfcund  that  by  using  Farey  series  the  m/n  region 
can  be  easily  found. 

3)  The  BA-shaped  transistor  is  more  stable  for  an  m/n 
frequency  divider.  A  synchronization  margin  as 
high  as  90  %  or  over  for  source  voltage  variation 
can  be  attained. 

4)  The  BA-shaped  transistor  is  suitable  to  be 
assembled  in  an  IC. 

5)  It  provides  a  short-term  frequency  stability 
as  good  as  that  of  PLL. 
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Fig.  1  A-shaped  negative 
resistance  device. 
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Fig.  2  Static  characteristics 

of  the  BA-shaped  transistor. 


Fig.  3  The  CR  oscillator  circuit 
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Fig.  4  I„  -  V„_  characteristic 
of  the  CR  oscillator. 


Fig.  14  Schematic  of  the  synchronization 

range  against  source  voltage  variation 


Fig. 18  Short-term  frequency  stability  measurment 
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Abstract 

A  new  approach  to  data/information  management  has  devel¬ 
oped  during  the  past  couple  of  years.  This  new  total  system 
concept  is  being  analyzed  and  proof  demonstrated  in  the  NASA 
End-to-End  Data  System  (NEEDS)  Program.  Spacecraft  and 
data/information  autonomy  are  two  of  the  attributes  considered 
essential  to  this  new  system  concept.  An  autonomous  spacecraft 
is  capable  of  functioning  without  external  intervention  for  up 
to  72  hours  by  enabling  the  sensors  to  make  observations,  by 
maintaining  its  own  health  and  safety,  and  by  going  into  logical 
safety  modes  when  anomalies  occur.  Data/information  are  made 
autonomous  by  associating  all  relevant  ancillary  data  such  as 
time,  position,  attitude,  and  sensor  identification  with  the  data / 
information  record  of  an  event  onboard  the  spacecraft.  This 
autonomous  data  record,  called  an  instrument  data  packet,  is 
constructed  such  that  the  record  of  the  event  can  be  physically 
identified  in  a  complete  and  self-contained  record  that  is  inde¬ 
pendent  of  all  other  data.  All  data  within  a  packet  will  be  time 
tagged  to  the  needed  accuracy  of  the  experimenter,  and  the  time 
markings  from  packet  to  packet  will  be  coherent  to  a  UTC  time 
scale.  To  accomplish  all  of  this,  functions  such  as  attitude/orbit 
determination  and  universal  time  should  be  provided  onboard. 
The  need  for  a  satellite-borne  frequency  oscillator  with  which  to 
generate  the  needed  time  interval  as  well  as  the  UTC  time  scale  is 
obvious. 

This  paper  will  present  the  system  concept  and  its  require¬ 
ments  for  frequency  control  devices  in  future  autonomous 
spacecraft. 

Introduction 

As  NASA  spaceflight  programs  approach  the  era  of  the 
1980’s,  several  enlightening  characteristics  emerge.  When  these 
characteristics  arc  viewed  in  light  of  NASA’s  current  data 
management  capabilities,  it  becomes  evident  that  a  new,  syste¬ 
matic  plan  for  an  efficient  data/information  system  is  necessary. 
This  paper  will  review  some  of  the  emerging  features  that  specif¬ 
ically  impact  our  data  system  and  will  introduce  the  system  con¬ 
cepts  that  are  currently  being  developed  to  meet  the  challenges 
of  the  future.  These  system  concepts  are  incorporated  into  a 
program  called  the  NASA  End-to-End  Data  System  (NEEDS). 
Integral  concepts  of  the  NEEDS  program  are  spacecraft  and  data 
autonomy  which  imply  the  availability  of  ancillary  data  includ¬ 
ing  precision  time  on-board  the  spacecraft.  The  features  of  the 
onboard  ancillary  data  module  and  specifically,  the  procedures 
required  for  maintaining  precision  tunc  onboard  the  spacecraft 
arc  described.  Some  of  the  characteristics  revealed  by  the 
NASA  mission  model  for  the  1980’s  are.  An  increase  in  the 
volume  of  the  data  that  must  be  handled,  an  increase  in  the 
sensor  resolution  required  by  experimenters,  and  a  decrease  in 
the  delivery  time  being  requested  by  the  experimenters. 


Figure  1  depicts  the  evolution  of  the  volume  of  data  being 
received  in  terms  of  the  average  daily  bit  rate  per  spacecraft  for 
both  imaging  ar.d  non-imaging  spacecraft.  It  is  obvious  from  this 
figure  the  amount  of  data  that  must  be  accommodated  in  the 
1980’s  is  increasing  by  orders  of  magnitude  from  that  in  the 
1960’s  and  a  data  system  to  handle  these  large  volumes  of  data 
must  be  developed. 

The  resolution  of  sensor  data  such  as  that  required  by  Land- 
sat  is  also  increasing  by  orders  of  magnitude  as  shown  in  Figure  2 
which  depicts  the  ground  resolution  of  sensor  data  for  specific 
spacecraft.  The  significance  of  the  increase  in  sensor  resolution 
is  that  higher  data  resolution  requires  a  commensurate  increase 
in  the  accuracy  of  the  ancillary  data.  The  basic  ancillary  data  are 
spacecraft  position,  spacecraft  attitude,  and  event  time. 

Another  characteristic  emerging  from  our  projected  future 
requirements  is  the  demand  for  timely  data  Figure  3  depicts  the 
evolution  of  delivery  time-demands  being  made  by  experi¬ 
menters.  Delivery  time  is  defined  in  terms  of  the  delay  imparted 
by  the  system  in  transmitting  data  to  the  users,  from  the  time  of 
detection  on  the  spacecraft  to  the  time  when  each  user  has 
receiv  d  the  sensed  data  in  an  engineering  format  together  with 
all  of  the  ancillary  data  required  for  the  information  extraction 
process.  We  are  approaching  the  time  where  data  must  be  deliv¬ 
ered  to  the  users  in  near  real-time  without  any  system  delay. 

To  fully  understand  the  impact  of  these  emerging  require¬ 
ments  on  the  data  system,  we  must  first  understand  the  present 
NASA  data  system.  Figure  4  portrays  the  current  NASA  data 
management  system.  Sensor  data  from  an  instrument  shown  in 
the  top  left  portion  of  the  figure  is  sequentially  sampled  and 
multiplexed  with  other  sensor  data  as  a  telemetry  frame  and 
stored  on  the  spacecraft  for  later  transmission  to  the  ground  or 
relayed  to  the  ground  immediately  if  a  ground  contact  is  avail¬ 
able.  When  the  data  from  near-earth  frec-fiyers  is  received  at  a 
ground  station,  the  station  forwards  the  data  to  Goddard  Space 
Flight  Center  (GSFC).  Here  at  the  processing  and  distribution 
center  (lower  center  of  Figure  4),  the  data  is  decommutated  and 
combined  with  the  ancillary  data  such  as  orbit,  attitude  and  time 
which  is  determined  in  a  separate  facility  at  GSFC  shown  in  the 
center  of  the  figure.  The  data  processing  facility  thus  undoes  the 
multiplexing  done  on  the  spacecraft  and  merges  each  instru¬ 
ment's  data  with  this  ancillary  data  to  form  data  packets  The 
data  packets  arc  distributed  to  the  experimenters  where,  in  the 
reduction  and  analysis  block  (lower  right  of  Figure  4),  informa¬ 
tion  is  extracted.  Although  this  system  has  worked  well  in  the 
past,  it  cannot  accommodate  large  volumes  ordata  in  a  timely 
and  cost-effective  manner.  The  NEEDS  program  was  institu¬ 
ted  several  years  ago  in  an  attempt  to  understand,  analyze  and 
quantify  the  present  system,  to  develop  concepts  for  a  new, 
more  efficient  and  cost  effective  end-to-end  data/information 
system,  to  design  and  demonstrate  these  concepts  such  that 
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future  requirements  could  be  met  in  an  efficient  and  cost-effec¬ 
tive  manner. 

Tiie  NEEDS  Program 

Figure  5  indicates  that  the  principal  functions  performed  by 
a  Data/Information  (DI)  System  arc  sensing  an  event,  transfer¬ 
ring  data,  extracting  information,  learning,  planning,  feedback, 
and  sensor  conditioning.  The  objective  of  a  DI  system  is  to  effi¬ 
ciently  and  effectively  provide  information  to  the  user  that  will 
increase  understanding  of  the  phenomena  being  investigated  by 
the  mission. 

The  NEEDS  program  as  the  name  implies,  is  an  end-to-end 
data  system  that  functions  from  the  sensing  of  an  event  to  the 
delivery  of  information  to  a  user  and  from  the  feedback  to  condi¬ 
tion  a  sensor  for  an  event  detection.  Details  describing  the 
evolution  of  the  NEEDS  program  as  well  as  a  detailed  descrip¬ 
tion  of  the  program,  may  be  found  in  References  1 , 2,  and  3.  A 
summary  of  the  main  concepts  and  elements  of  the  program 
follows. 

The  main  objective  of  the  program  is  to  demonstrate  con¬ 
cepts  which  will  provide  investigators  with  the  means  to  effi¬ 
ciently  carry  out  their  experimental  investigation  of  the  data / 
information  in  a  form  appropriate  for  immediate  analysis,  inter¬ 
pretation  and  feedback  for  instrument  control  and  subsequent 
observation.  The  program  is  organized  into  the  following  teams, 
systems  analysis  and  integration,  information  adaptive  systems, 
modular  data  transport  systems;  data  base  management,  and  soft¬ 
ware  technology  The  program  has  identified  six  general  princi¬ 
ples  which  arc  essential  to  the  development  of  an  operational 
philosophy  and  necessary  to  satisfy  the  requrements  for  a 
NASA  data/information  system  of  the  1980’s.  The  essential 
concepts  (principles)  arc  given  in  Table  1 . 

The  NEEDS  functional  elements  arc  shown  in  Figure  6 
which  encompasses  the  sensor  at  one  end  of  the  spectrum  and 
the  user  at  the  other.  The  relationship  of  the  NEEDS  functional 
elements  to  the  NEEDS  program  is  shown  in  Figure  7. 


Ancillary  Data  Module  and  Data  Packets 

A  useful  data  package  (packet)  should  be  complete  and  self- 
contained.  This  implies  that  the  measured  data  and  all  ancillary 
data  necessary  for  the  identification  and  successful  reduction  of 
data  to  information  should  be  contained  in  the  package.  When 
an  experiment  is  conducted  in  any  laboratory  it  is  essential  to 
record  at  the  time  of  the  experiment  not  only  the  measured  data, 
but  also  other  auxiliary  data  such  as  the  time  and  place  of  the 
experiment,  the  environmental  conditions,  apparatus  used,  etc. 

It  would  not  be  convenient  to  record  only  the  measured  data  and 
then  in  a  data  reduction  facility  one  week  later  try  to  recall  the 
time,  place,  etc.  of  the  experiment.  This  concept  holds  true 
whether  the  laboratory  is  on  ground  or  in  space.  Thus,  when 
data  is  sensed  onboard  the  spacecraft,  it  is  essential  to  note. 

1.  The  data  that  was  sensed. 

2.  The  apparatus  used  (i.c.,  the  sensor  ID  and  mode  of 
operation). 

3.  Significant  ambient  conditions  (i.e.,  electron  density, 

etc.) 

4.  The  precise  time  of  the  event. 

5.  The  location  of  the  event  (i.c.,  the  position  and  attitude 
of  the  spacecraft). 

This  information  forms  the  basic  data  packets  which  arc 
transported  to  the  user.  Items  1  through  3  arc  available  on  the 
spacecraft.  To  accomplish  the  NEEDS  objectives,  the  precise 
event  time  and  the  position  and  attitude  of  the  event  (Items  4 
and  5)  must  be  made  available  at  the  spacecraft.  Procedures 
for  computing  spacecraft  position  onboard  the  spacecraft  arc 
being  developed  utilizing  data  from  the  Global  Positioning 
System  (GPS)  or  the  Tracking  and  Data  Relay  Satellite  System 
(TDRSS),  references  4  and  5.  The  spacecraft  attitude  may  be 
determined  as  it  is  on  several  current  spacecraft,  through  the  use 
of  onboard  star  trackers,  gyros  and  microprocessors  as  described 
in  Reference  6. 

The  remaining  element  of  the  data  packet  which  must  be 
addressed  is  the  precision  time. 


The  Information  Adaptive  System  performs  the  functions 
at  the  spacecraft  of  preselecting  the  data  from  an  event  of  inter¬ 
est,  performing  corrections  for  instrument  distortions  to  the 
data,  and  associating  appropriate  ancillary  data  with  the  event 
prior  to  transmission  to  the  ground. 

The  Modular  Data  Transport  System  performs  the  function 
of  developing  packets  of  autonomous  data  and  moving  them  effi¬ 
ciently  from  the  sensor  or  sensor  processor  through  a  data  base 
to  a  user.  It  includes  standardized  interfaces  and  protocols,  data 
bases  and  the  generation  of  measurement  data  sets  or  data 
packets  which  include  all  ancillary  data. 

The  Data  Base  Management  System  performs  the  service  to 
allow  users  to  quickly  and  effectively  locate  data/information 
contained  in  very  large  data  bases. 

The  Software  Technology  System  is  concentrating  on  the 
verification  and  testing  of  flight  software. 

The  Systems  Analysis  and  Integration  effort  analyzes  the 
performance  of  the  present  system  and  NEEDS  data/information 
concepts.  The  work  of  all  NEEDS  subsystems  is  coordinated  so 
that  an  integrated  demonstration  of  the  system  can  be  made  to 
mission  planners. 


Autonomous  Spacecraft  Clock 

It  was  stated  earlier  in  this  paper  that  experimental  data 
were  time  tagged  by  an  onboard  clock.  When  the  accuracy 
requirements  for  time  in  the  early  days  of  the  space  program 
(late  50’s  and  early  60’s)  were  on  the  order  of  seconds  and  hun¬ 
dreds  of  milliseconds  per  day,  they  were  relatively  easy  to  meet. 
Even  with  a  crystal  oscillator,  whose  freoucncy  stability  was  in 
the  order  of  one  part  per  million  per  day,  there  were  enough 
safety  margins  for  refinement  when  the  data  were  transmitted 
to  and  recorded  in  a  ground  tracking  station.  This  was  because 
the  ground  station  clocks  could  be  maintained  accurately  by  the 
use  of  WWV  to  about  milliseconds  order  throughout  the  NASA 
worldwide  network.  As  the  space  program  achieves  maturity  and 
the  sensor  designs  became  sophisticated,  the  requirements  for 
time  became  more  stringent.  The  requirements  were  first 
increased  to  the  order  of  milliseconds  for  unmanned  spacecraft 
such  as  OSO  and  GOES  and  then  to  the  order  of  hundreds  of 
microseconds  (/is)  for  manned  spacecraft  such  as  the  Apollo. 

The  timing  requirements  took  a  leap  after  the  Apollo  program  as 
illustrated  in  Figure  8  which  depicts  a  history  of  NASA  timing 
requirements  including  present  and  projected  requirements. 

It  was  during  the  Apollo  program  that  NASA  saw  the  need 
for  an  improved  worldwide  time  distribution  technique  and 
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system.  While  the  Manned  Space  Flight  Network  was  instrumen¬ 
tal  with  more  stable  atomic  oscillators,  NASA  coordinated  and 
cooperated  with  the  National  Bureau  of  Standards  and  the 
United  States  Naval  Observatory  in  the  development  of  new  and 
improved  time  distribution  techniques.  With  the  use  of  more 
stable  oscillators  and  portable  clocks,  we  could  maintain  our 
station  clocks  synchronized  to  the  order  of  1 00  ps  worldwide. 
Through  the  cooperative  effort  of  the  above  agencies,  we  saw 
synchronization  of  the  Loran  C  chains  to  25  ps  and  better  in 
the  northern  hemisphere  and  the  implementation  of  the  dual 
VLF  frequency  technique  developed  from  WWVL  on  the  OMEGA 
navigation  system.  More  advanced  systems  such  as  the  use  of 
satellites  to  distribute  more  precise  and  accurate  time  were  also 
developed.  The  use  of  a  satellite  to  transfer  time  was  an  obvious 
one  because  of  the  reduced  effect  due  to  the  propagation 
medium.  Cooper  and  Chi  (Reference  7)  recently  reviewed  the 
satellite  time  transfer  technology.  Table  2  gives  a  summary  of  the 
experiments  conducted  in  the  past  decade  and  a  half.  It  can  be 
seen  from  this  table  that  the  development  of  the  satellite  time 
transfer  technology  and  the  conducting  of  the  experiments  are 
a  true  representation  of  international  participation. 

To  meet  the  needs  of  spacecraft  autonomy  and  a  new  gener¬ 
ation  of  data  handling  and  management  systems,  we  are  develop¬ 
ing  an  autonomous  spacecraft  clock,  ASC.  The  ASC  is  designed 
to  provide,  in  a  future  planned  spacecraft,  the  time  standard 
required  by  all  experimenters  in  the  spacecraft  which  is  operated 
in  the  autonomous  mode.  The  ASC  is  to  be  synchronized  as 
often  as  necessary  by  such  systems  as  the  Tracking  and  Data 
Relay  Satellite  System  (TDRSS)  or  the  Global  Positioning 
System  (GPS).  TDRSS  is  a  two-way  satellite  communication 
system  through  which  user  satellites  and  the  ground  system  can 
maintain  communication  with  each  other.  It  is  under  construc¬ 
tion  by  Western  Union  as  a  leased  service  satellite  system  to 
NASA.  A  simple  configuration  of  the  use  of  the  satellite  system 
is  shown  in  Figure  9.  TDRSS  provides  nearly  worldwide  cover¬ 
age  as  shown  in  Figure  10  for  elevations  angles  at  10  and  15 
degrees.  GPS  is  a  Department  of  Defense  sponsored  navigation 
system.  It  provides  a  navigation  fix  in  space  giving  both  a  position 
coordinate  (x,y,z)  and  time  (t).  It  is  in  the  demonstration  and 
validation  phase  of  development. 

A  conceptual  block  diagram  of  the  autonomous  spacecraft 
clock  is  shown  in  Figure  1 1 .  The  oscillator  may  be  a  crystal 
controlled  oscillator  with  a  long  term  stability  of  1  part  in  10" 
per  day  or  an  atomic  oscillator  when  the  requirement  dictates. 
Through  the  parallel  binary  time  code  generator  a  time  word  will 
be  supplied  as  the  secondary  header  of  the  source  packet  to  the 
telemetry  data  packet  format.  In  addition,  reference  frequency 
sources  and  pulse  signals  will  be  provided  to  the  experimenters 
for  phase  clock  time  synchronization  and  marking,  and  other 
applications. 

Most  of  the  TDRSS  satellite  time  transfer  programs  and 
ASC  arc  under  development.  The  expected  completion  date  is 
in  the  early  1 980's  when  TDRSS  and  GPS  arc  also  expected 
to  be  implemented. 


Conclusion 

The  formation  of  the  data  packets  onboard  the  satellite  will 
allow  us  to  transmit  data  to  the  users  in  near  real-time,  thus 
satisfying  the  delivery  time  demands  requirements  projected  in 
Figure  3  and  will,  along  with  the  TDRSS,  avoid  any  system 
bottlenecks,  thus  accommodating  the  data  volume  projections  of 
Figure  1 ,  as  well  as  the  delivery  time  demands  of  Figure  3.  By 
computing  the  position  and  altitude  of  the  spacecraft  utilizing 
GPS,  TDRSS,  Gyro  and  Star  Trackers,  the  accuracy  requirements 


levied  by  the  increased  sensor  resolution  depicted  in  Figure  2 
can  also  be  met.  This  is  made  possible  not  only  by  the  high 
quality  of  this  data,  but  also  by  the  nature  of  the  real-time 
computations  which  avoids  unnecessary  prediction  intervals.  The 
development  of  the  autonomous  spacecraft  clock  which  will  take 
place  in  the  early  1980’s  will  provide  the  most  fundamental 
clement  of  the  data  packets.  This  capability  is  a  necessary  step 
for  providing  the  essential  concepts  formulated  under  the  NEEDS 
Program. 


Figure  1.  Past,  present  and  future  data  volume 


Figure  2.  Past,  present  and  future  sensor  resolution 


Figure  3.  Delivery  time  demands 
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Figure  4.  Present  data  management  system 
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Figure  5.  The  NASA  end-to-end  data/information  system 


Figure  6.  Needs  functional  elements 


Figure  S.  NASA  present  and  future  timing  requirements 
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Figure  9.  TDRSS  time  transfer  and  user  configuration 


Figure  7.  Relationship  of  needs  program  elements  to 
needs  functional  elements 
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Figure  10.  National  primary  clock  sites  from  which  the  two-way^ 
time  transfer  system  can  be  calibrated  (map  shows  contours  uf 
and  10°elevation  viewing  angles  for  TDRSS  at  41°w  and  171°w) 


TABLE 2 

A  summary  of  satellite  time  transfer  experiments 
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Figure  1 1.  Conceptual  functional  block  diagram  of  satellite 
time  transfer  terminal 


TABLE  2  (cont’d) 


TABLE  I 

Relationship  of  essential  needs  concepts  to  program  elements 
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Summary 

Since  July  1978,  tine  comparisons  between 
National  Research  Coum.il  of  Canada  and  Paris 
Observatory,  France,  are  regularly  made  via  the 
geostationary  telecommunication  satellite 
"Symphonie".  The  experiment  is  planned  to  last  at 
least  two  years.  Until  February  i979,  the  tine  com¬ 
parisons  were  made  daily,  then  twice  a  week. 

A  two-way  technique  is  used  between  earth  sta¬ 
tions  in  Ottawa  and  Pleumeur-Bcdou,  on  the  4-6  GHz 
channels.  The  link  is  complemented  by  passive  tele¬ 
vision  between  earth  stations  and  time  laborato¬ 
ries. 

The  random  uncertainty  of  the  space  link  is  of 
the  order  of  1-2  ns,  but  the  overall  random  uncer¬ 
tainty  is  strongly  increased  by  the  television 
method  and  reaches  24  ns.  The  results  sti'l  con¬ 
tain  a  constant  error  of  the  order  of  a  few  0.1  ps, 
due  to  the  lack  of  precise  calibrations  of  instru¬ 
mental  delays  ;  the  calibration  methods  are  under 
study. 

These  time  compari.-  ns  require  a  reasonable 
amount  of  work,  compatible  with  routine  operation. 
The  work  can  still  be  reduced  ty  various  technical 
improvements  which  are  in  progress.  The  results 
appear  especially  fitted  to  detect  rapidly  fre¬ 
quency  changes  and  such  a  l^fk  would  be  very  use¬ 
ful  between  laboratories  developping  primary  stan¬ 
dards. 


Int roduction 

The  lack  of  precision  and  accuracy  of  time 
comparisons  over  distances  of  a  few  hundreds  to  a 
few  thousands  kilometers  remains  a  major  obstacle 
to  the  development  of  time  metrology. 

Two-way  time  transfers  via  geostationary  te¬ 
lecommunication  satellites  originated  in  1962. 

Many  experiments  of  this  method  were  performed  ; 
the  recent  ones  by  Saburi  et  al.*  have  shown  that 
random  and  systematic  uncertainties  can  be  reduced 
respectively  to  1  ns  and  10  ns.  Following  a  feasa- 
bility  experiment  of  time  comparisons  using  the 
german-french  satellites  Symphonie,  in  December 


2  1 
l97o,  by  Brunet  et  al.  ,  HUbner  and  Hetzel  , 

Brunet**,  an  operational  time  link  was  established, 
starting  in  July  1978,  between  National  Research 
Council  of  Canada  (NRC)  and  Laboratoire  Primaire 
du  Temps  et  des  Frequences  in  Paris  Observatory 
(OP),  using  one  of  these  satellites.  The  experi¬ 
ment  is  planned  until  June  1980. 


Organization  of  the  time  link 

The  telecommunication  ground  stations  linked 
by  Symphonic  (at  the  longitude  11S5  W)  are  the 
Communication  Research  Center  (CRC)  in  Ottawa,  and 
the  Center  of  Pleumeur-Bedou  (PBS)  in  France.  Until 
February  1979,  reflectors  of  10  m  diameter  in  CRC 
and  16  m  diameter  in  PBS  were  used  ;  after  this 
date  smaller  intennas  were  affected  to  the  time 
experiment. 

In  CRC  and  PBS,  NRC  and  OP  have  installed  au¬ 
xiliary  time  stations  equipped  respectively  with 
rubidium  and  cesium  clocks,  here  designated  by 
H(CRC)  and  H(PBS).  The  terminal  time  links  with 
the  master  clocks  of  NRC  and  OP,  producing  the 
time  scales  designated  as  UTC(NRC)  and  UTC(OP), 
are  realized  by  the  well  known  passive  television 
method. 

Space  link 

The  method  consists  in  sending  quasi- 
simultaneous  second  pulses  of  H(CRC)  and  H(PBS) 
via  Symphonie.  Figure  1  shows  the  time  diagram  of 
the  link,  R(PBS),  for  instance,  is  the  measured 
time  interval  between  the  departure  of  a  pulse  of 
H(PBS)  and  the  reception  of  the  corresponding  pul¬ 
se  of  H(CRC).  Let  us  define  A  by 

A  =  |  [R(CRC)  -  R(PBS)]  .  (1) 

Neglecting  the  instrumental  delays,  the  relativis¬ 
tic  corrections,  and  assuming  that  the  propagation 
delay  is  the  same  in  both  ways,  one  should  have  : 

H(CRC)  -  H(PBS)  =  A  . 

To  this  raw  value,  corrections  are  to  be  added 
to  ensure  accuracy.  These  corrections  a~e  associa¬ 
ted  to  the  implementation  of  the  method  which  will 
be  considered  first. 
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The  second  pulses  of  the  clocks  (30  ns  rise¬ 
time)  are  sent  directly  *•_  the  station  modulators 
and  also-  start  Liie  inter vallcmetcrs.  The  frequen¬ 
cies  of  the  links  ground/satellite  are  6  GHz  up¬ 
ward,  •'»  GHz  downward.  Two  different  transponders 
of  Symphonic  are  used,  according  to  the  direction 
of  the  transmission.  The  received  pulses,  having 
a  rise-time  of  the  order  of  150  ns,  scop  the  in- 
tervallometers.  Measurements  are  made  every  second 
during  about  20  minutes,  and  registered  on  magne¬ 
tic  floppy  disks.  The  time  comparisons  were  made 
every  working  day  until  February  1979,  then  twice 
a  week. 

Let  us  consider  che  corrections  to  the  raw 
&  and  their  uncertainties. 

(a)  Instrumental  delays  in  the  stations.  The  cor¬ 
rection  is 

0.5  [t£(CRC)  -  TR(CRC)]  -  0.5[rE(i'BS)  -ZR(?3S)] ,  (2) 

where  TE  and  TR  are  the  delays  at  emission  and  re¬ 
ception  due  to  instruments,  coaxial  links,  and  che 
rise-times  of  the  signals.  A  global  measurement  of 
the  TE  -  TR  was  attempted  in  1976,  using  a  trans¬ 
ponder  on  a  truck,  in  parallel  with  coaxial  link  : 
the  experiment  was  disappointing,  the  variations  of 
the  results  being  of  the  order  of  several  tens  of 
nanoseconds,  depending  on  the  position  of  the 
transponder.  A  new  method  is  under  study  ;  in  the 
meantime,  local  loop  measurements  made  every  se¬ 
cond  or  every  5  seconds  over  intervals  of  5  minu¬ 
tes  are  used  to  check  the  stability  of  the  TE  +  TR 
in  CRC  and  PES,  each  time  the  time  link  is  esta¬ 
blished.  These  measurements  give  the  sum  of 
TE  +  TR  and  of  various  delays,  including  the  local 
transponder  delay.  Thus  the  measured  values  of 
1.3  (is  in  CRC  and  1.7  (is  in  PBS  represent  maximums 
of  T  E  +  TR.  xhe  rms  residuals  are  2  ns  in  CRC, 
where  no  systematic  variations  were  observed, 
except  for  the  changes  in  intervallometers  thres¬ 
hold,  which  are  taken  into  account.  In  PBS,  the 
rms  residuals  are  8  ns  and  peak  to  peak  variations 
reach  30  ns  ;  some  of  these  variations  are  due  to 
knonwn  instrumental  changes  which  were  determined 
and  taken  into  account. 

(b)  Transponder  delays  in  the  satellite.  The  cor¬ 
rection  is  0.5(  Zl  -  T2),  T1  being  the  transpon¬ 
der  delay  for  the  transmission  CRC  to  PBS,  and  T2 
for  PBS  to  CRC.  T1  and  T2  are  of  the  order  of  10 
ns  end  the  correction  should  be,  at  the  most,  a 
few  ns.  As  it  is  not  known,  it  is  neglected. 

(c)  Tropospheric  and  ionospheric  corrections.  The¬ 
se  corrections  ate  due  to  the  different  frequen¬ 
cies  of  the  upward  and  downward  transmissions.  The 
tropospheric  effect  is  smaller  than  1  ns.  The  io¬ 
nospheric  correction  is  6  ns  at  the  most. 

(d)  Relativistic  correction  and  effects  of  the  sa- 
litte  motion.  The  rej  itivistic  correction  to  A  is 
159  ns.  The  effects  of  the  residual  motion  of 
Symphonie,  direct  (change  of  path  during  the  mea¬ 
surements),  and  indirect  (change  of  the  relati¬ 
vistic  correction)  are  smaller  than  1  ns  and  are 
neglected. 


The  conclusion  is  that,  apart  from  a  fixed 
correction,  which  is  not  measured,  the  other  cor¬ 
rections  are  sufficiently  small  or  known  to  ensure 
an  Accuracy  of  the  order  of  5  ns.  As  they  are  also 
nearly  constant,  the  A  corrected  only  for  some 
variations  as  stated  in  (a)  are  considered. 

The  neglected  fixed  correction,  according  to 
equation  (2)  and  the  results  of  the  loop  measure¬ 
ments,  could  be  theoretically  1.5  (is  in  the  worst 
case.  But  equation  (2)  shows  that  compensations 
can  be  expected  and  it  is  reasonnable  to  believe 
that  the  correction  is  of  the  order  of  a  few 
0.1  (is.  Thusd  should  represent  the  true  values  of 
the  clock  differences  in  CRC  and  PBS  with  a  cons¬ 
tant  systematic  error  of  a  few  0.1  (is,  as  long  as 
the  same  equipment  is  used. 

Television  links 

In  Ottawa,  CRC  and  NRC  are  35  km  apart,  and 
in  view  of  the  same  television  transmitter.  The 
time  comparisons  are  made  15  minutes  before  and 
after  the  space  link.  The  TV  link  is  calibrated 
by  frequent  clock  transportations. 

In  France,  the  distance  between  OP  and  PBS  is 
450  km,  and  the  TV  method  involves  microwave  links. 
The  measurements  are  made  daily  on  UHF  and  VHF 
channels.  The  TV  link  is  calibrated  and  checked 
by  clock  transportations. 


Computations  and  results 

The  computation  of  A  was  first  made  accor¬ 
ding  to  equations  (l).  Until  March  1979,  the  data 
in  PBS  were  recorded  on  printed  tapes,  and  only 
30  samples  at  10s  intervals  were  processed  for 
each  daily  time  comparison.  Figure  2  shows  the 
histogram  of  the  standard  deviation  of  individual 
values  of  A  :  it  can  be  seen  that  it  is  normally 
5  ns,  leading  to  a  standard  deviation  on  the  ave¬ 
rage  of  the  order  of  1  ns.  It  was  checked  that 
extending  the  averages  over  larger  intervals  or 
the  totality  of  the  1  s  time  comparisons  brings 
very  small  changes  :  usually  1  to  2  ns.  The  origin 
of  occasional  bad  measurements  is  probably  in  the 
reception  channel  at  PBS. 

Work  at  NRC  showed  that  a  least  square  fit 
of  a  cubic  in  the  reception  times  allowed  to 
condense  the  full  set  of  data  in  four  numbers, 
without  loss  of  information.  Starting  in  April 
1979,  the  time  comparisons  were  derived  from  the 
coefficients  of  the  cubics,  thus  facilitating  the 
data  transmission  and  the  computations. 

Concerning  OP  and  PBS,  in  order  to  take  ad¬ 
vantage  of  the  stability  of  the  cesium  clock 
H(PBS),  the  raw  values  of  UTC(OP)  -  H(PBS)  are 
filtered  with  a  low-pass  filter  having  a  frequen¬ 
cy  cut-off  at  0.12  cycle  per  day.  The  residuals 
between  raw  and  filtered  values  allowed  to  detect 
a  few  wrong  values,  probably  due  to  changes  in  the 
television  microwave  links,  which  were  rejected. 
The  residuals  also  give  an  estimate  of  the  random 


uncertainty  of  the  time  comparisons  between  OP  and 
PBS  •  19  ns. 

As  one  of  the  goals  of  the  experiment  is  to 
demonstrate  the  feasability  of  the  operational 
time  link,  the  pe-rcentage  of  successful,  operation 
may  be  interesting.  From  1978  July  12  to  1979 
February  9,  106  time  links  were  attempted,  and  73 
results  (697.  of  success)  were  retained.  The  lack 
of  some  results  is  due  to  various  causes  :  non¬ 
establishment  of  the  space  link,  missing  TV  links; 
only  3  results  were  rejected  on  account  to  a  poor 
space  link  leading  to  excessively  noisy  recordings. 
From  1976  February  26  to  1979  May  5,  the  percenta¬ 
ge  of  success  reached  83%. 

An  interruption  extended  from  1978  August  18 
to  1978  October  15.  This  corresponds  to  the  eclip¬ 
ses  period  of  the  satellite  ;  during  this  period 
the  antennas  were  used  for  another  purpose.  As 
this  interruption  was  most  inconvenient,  the  eclip¬ 
ses  period  of  March  1979  was  bridged  using  other 
antennas,  thus  changing  the  delays,  although  this 
is  not  observable  on  the  results.  The  quality  of 
the  link  was  improved  with  these  new  antennas,  as 
shown  by  the  histogram  of  the  standard  deviation 
of  A  (fig.  3).  This  improvement  is  tentatively 
explained  by  (a)  the  increasing  of  the  EIRP  emit¬ 
ted  in  Ottawa  (b)  the  smaller  number  of  users  of 
Symphonic. 

The  results  are  given  by  figure  4  referred  to 
TA(NRC)  and  TA(F).  TA(NRC)  is  produced  by  the  la¬ 
boratory  cesium  standard  NRC  CsV  in  continuous 
operation  ;  TA(F)  is  a  paper  time  scale  derived 
from  the  data  of  about  15  commercial  cesium  stan¬ 
dards.  For  comparison  purpose,  the  LORAN-C  time 
comparisons  and  the  results  of  the  clock  transpor¬ 
tations  are  also  represented. 

It  is  rather  difficult  to  know  whether  there 
has  been  frequency  irregularities  in  October  1978, 
after  the  link  was  re-established.  But  the  fre¬ 
quency  change  by  1  x  10" 13  at  the  beginning  of 
December  1979  is  certainly  real.  Its  date  of  occu¬ 
rence  can  be  determined  with  an  uncertainty  of  a 
few  days,  which  is  impossible  with  the  LORAN-C, 

The  stability  of  Ta(NRC)  and  H(PBS)  allows 
to  derive  the  standard  deviation  of  a  daily  time 
comparison  between  NRC  and  PBS,  which  is  14  ns. 
Taking  into  account  the  above  mentioned,  uncertain¬ 
ty  of  H(PBS)  -  UTC(OP),  the  global  random  uncer¬ 
tainty  of  UTC(NRC)  -  UTC(OP) ,  and  of  TA(NRC)  - 
TA(F)  is  24  ns. 


Conclusion 

Time  comparisons  using  the  4-6  GHz  channels 
of  a  communication  satellite,  between  Canada  and 
France,  were  achieved  with  a  reasonnable  amount  of 
work,  on  a  routine  basis.  Their  precision  between 
telecommunication  terminals  is  of  the  order  of  1 
ns,  but  the  accurate  calibration  of  instrumental 
delays  is  an  important  problem  which  has  not  yet 


been  solved.  The  other  systematic  errors  can  be 
corrected  with  a  total  uncertainty  of  the  order  of 
5  ns. 

Another  problem  which  awaits  solution  is  the 
transmission  of  time  between  teiecctnaunication 
terminals  and  the  standard  laboratories,  at  dis¬ 
tances  of  10-500  km,  with  a  matching  precision. 
Presently  most  of  the  random  uncertainty  between 
NRC  and  OP  comes  from  these  segments  of  the  time 
link. 

Nevertheless,  in  its  present  state,  the  ex¬ 
periment  appears  most  useful  to  make  measurements 
of  differences  of  frequencies  of  remote  standards, 
the  other  methods  available  requiring  excessively 
long  averaging  times. 

Recent  experiments  between  the  National 
Bureau  of  Standards  (USA),  the  U.S.  Naval  Observa¬ 
tory,  NRC  and  PBS  have  shown  that  simultaneous  time 
comparisons  using  two  satellites  can  extend  the 
geographical  coverage  of  the  method,  without  loss 
of  precision.  It  could  be  considered  to  organize 
a  world-wide  coverage  with  a  relatively  small  num¬ 
ber  of  ground  stations  and  satellites. 
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Numbtf  of  6* 


Fig.  1.  Time  diagram. 


Fig.  2.  Histogram  of  the  standard  deviations  a  of  a  single  one-second  time 
comparison  between  Ottawa  and  Pleumeur-Bodou,  July  1978  -  February 
1979  (73  values). 


Number  of 


Fig.  3. 


Histogram  of  the  standard  deviations  n  of  a  single  one-second  time 
comparison  February  -  April  1979  (16  values). 


TA(NRC|_TAiF).(MJD.«700)x<Om  .116000m 


g.  9.  TA(NRC)  -  TA(F),  corrected  for  a  constant  and  a  drift  of  40  ns  per 

day.  The  dots  represent  the  raw  A  (see  text)  obtained  via  "Symphonie". 
The  LORAN-C  values  are  averaged  over  10  days  and  calibrated  by  clock 
transportations  in  1976.  The  clock  transportations  (C.T.)  are  given 
with  t  one  a  error  bars. 
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Summary 


Previous  studies  of  a  commercial  passive  gas 
cell  Rb87  frequency  standard  showed  a  strong 


dependence  of  the  output  frequency,  upon  the 


microwave  power,  P  . .  A  major  conclusion  of  that 
pA 

work  was  that  the  dependence  of  upon  P  ^  was 


due  to  a  line  inhomogeneity  effect.  The  line  in¬ 
homogeneity  interpretation  suggested  that  substi¬ 
tuting  a  wall  coating  for  the  usual  buffer  gas 
would  reduce  the  dependence  upon  P  As  a  part  of 

the  present  work  a  wall  coating  (a  form  of  paraf¬ 
fin)  was  used  and  a  reduction  of  this  dependence  by 
a  factor  of  100  was  obtained. 

The  present  work  has  led  to  a  more  convincing 
theoretical  demonstration  of  the  line  inhomogeneity 
effect.  The  paper  discusses  some  of  the  details  of 
the  analytical  procedure. 

There  are  certain  major  requirements  that  a 
wall  coating  would  have  to  satisfy  if  it  were  to  be 
superior  to  the  usual  buffer  gas  and  these  are 
discussed  in  the  text.  The  advantages  demonstrated 
by  the  present  work  indicate  that  further  studies 
are  warranted  to  determine  if  an  improved  standard 
could  be  built  based  on  a  wall  coating. 


Background 

The  passive  Rb87  gas  cell  frequency  standard 
is  the  most  prevalent  type  of  atomic  frequency 
standard  in  the  field.  It  gives  good  performance 
at  a  fairly  low  cost.  The  results  of  the  work 
reported  here  suggest  that  the  use  of  a  wall  coat¬ 
ing  instead  of  the  usual  buffer  gas  might  improve 
its  medium  and  long  term  frequency  stability. 

Earlier  work  on  a  prevalent  commercial  Rb87 
standard  demonstrated  a  very  strong  frequency 
dependence  upon  the  microwave  power,  P^.1  This 

effect  appears  to  be  due  to  a  combination  of  rela¬ 
tively  immobile  Rb87  atoms  and  a  frequency  gradient 
across  the  absorption  cell.  The  immobility  is  due 
to  the  use  of  a  buffer  gas  in  the  cell. 

The  work  reported  here  demonstrated  that  a 
strong  signal  can  be  obtained  by  substituting  a 
wall  coating  for  the  buffer  gas.  Making  this 
substitution  results  in  a  drastically  reduced 
dependence  of  the  output  frequency,  upon  P 

In  the  commercial  unit  studied  in  reference  1,  the 
dependence  upon  P  ^  caused  by  cue  line  inhomoge¬ 
neity  was  probably  the  predominant  cause  of  fre¬ 


quency  instability  for  averaging  times  of  the  order 
of  one  month  and  longer.  Thus,  the  ability  to  use 
wall  coating  in  lieu  of  buffer  gas  might  be  impor¬ 
tant  commercially. 

In  section  II  we  discuss  the  experimental 
results  of  the  present  work.  Section  III  gives  the 
results  of  the  line  inhomogen..ity  analysis  which 
represents  our  understanding  of  the  dependence  of 
Vj^  upon  P  ^  when  a  buffer-gas  is  used.  In  section 

IV  we  discuss  some  pros  and  cons  of  using  wall 
coatings. 


Experimental  Results 
Experimental  Setup 

The  experimental  arrangement  used  in  these 
experiments  is  shown  in  figure  1.  An  optical 
package  capable  of  giving  a  strong  resonance  of  the 
F  =  2,  Mp  =  0  to  F  =  1,  Mp  -  0  transition  was  used 

to  lock  the  frequency  of  a  crystal  oscillator 
driving  a  frequency  synthesizer.  The  frequency  was 
measured  then  with  a  counter.  The  arrangement  gave 
a  resolution  of  1  x  10  10  which  was  sufficient  for 
the  types  of  phenomena  studied.  The  optical  pack¬ 
age — consisting  of  a  rubidium  87  lamp,  an  isotopic 
filter,  and  a  TE0n  exciting  cavity--was  equipped 
with  a  special  cell.  This  cell,  made  of  quartz, 
was  coated  with  a  form  of  paraffin  and  connected  to 
a  vacuum  system.  It  contained  a  few  milligrams  of 
rubidium  87  in  a  tail,  whose  temperature  could  be 
controlled  independently  of  the  cavity.  In  our 
work  a  typical  tail  temperature  was  70°  C.  The 
cell  was  3.2  cm  in  diameter  and  typically  was  held 
at  71°  C.  The  cavity  was  5.7  cm  in  diameter  and 
about  7  cm  long.  (In  the  unit  studied  in  reference 
1,  the  cell  filled  the  entire  cavity.) 

It  is  important  to  say  that  the  experimental 
arrangement  was  considerably  different  (and  more 
controlled)  here  than  in  reference  1.  Neverthe¬ 
less,  our  earlier  conclusion  about  line  inhomo¬ 
geneity  as  the  mechanism  producing  the  dependence 
upon  P  ^  is  strongly  supported  by  the  present  work. 

An  additional  aspect  of  the  present  work  was  that 
the  Q  of  the  cavity  was  sufficiently  high  that  a 
cavity  pulling  effect  could  be  observed  although 
the  system  was  operated  in  the  passive  mode.  These 
results  will  be  reported  elsewhere.2 

In  order  to  study  the  effects  of  power  shift 
in  the  presence  of  frequency  gradients  across  the 
cell,  special  coils  were  mounted  at  the  end  of  the 
cavity.  These  coils  were  about  4.5  cm  in  diameter 
and  were  separated  by  7  cm.  Each  consisted  of  150 
turns.  The  coils  could  produce  a  magnetic  field 
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gradient  which  was  then  translated  by  the  rubidium 
87  atomic  ensemble  to  a  frequency  gradient. 

The  effect  of  gradients  of  this  sort  could 
then  be  studied  under  controlled  conditions,  and  in 
circumstances  where  the  atom  was  free  to  average 
the  magnetic  gradient  and  light  shift  in  the  case 
of  the  coated  cells,  or  where  the  atoms  were  fixed 
in  space  with  a  buffer  gas.  In  this  last  case,  the 
field  gradients  and  light  shift  are  not  averaged  by 
the  atomic  motion  and  inhomogeneous  broadening  and 
shifting  of  the  resonance  line  occurs.  This  shift¬ 
ing  and  broadening  depends  on  the  level  of  P  ^  and, 

thus,  the  frequei  :y  dependence  upon  P  ^  results. 
Results 


versus  P^  and  Magnetic  Gradient.  Figure 

2  shows  Vj^  versus  P  with  the  voltage  applied  to 
the  gradient  coils  as  a  parameter.  The  level  of 
P  ^  is  determined  by  the  microwave  attenuator  and, 

for  an  attenuator  setting  of  50  dB,  the  powe_r 
absorbed  by  the  cavity  is  approximately  1  x  10  10 
watts.  The  data  of  figures  2  through  5  were  taken 
with  the  cavity  frequency  no  more  than  25  kHz  away 
from  Based  on  our  cavity  pulling  measure¬ 

ments,  we  conclude  that  the  worst  case  pulling  of 
would  be  no  more  than  0.25  Hz  due  to  this 

offset.  Since  the  precision  of  the  frequency 
measurements  is  about  0.7  Hz,  cavity  pulling  ef¬ 
fects  are  negligible. 

The  resonant  frequency  of  any  given  atom  has  a 
quadratic  dependence  upon  the  magnetic  field  and 
the  coils  produce  a  linear  field  gradient  across 
the  cell.  For  the  maximum  voltage  (1.6  volts) 
applied  to  the  gradient  coils,  the  resonant  fre¬ 
quencies  of  the  atoms  vary  across  the  cell  by  about 
2,500  Hz.  This  is,  of  course,  a  much  larger  gra¬ 
dient  than  would  be  encountered  in  a  working  stan¬ 
dard.  The  purpose  in  applying  such  a  large  gra¬ 
dient  was  twofold.  First--since  the  spatial  vari¬ 
ation  of  the  magnetic  gradient  is  more  accurately 
known  than  that  of  the  light  shift--we  wanted  to 
have  a  condition  where  the  total  gradient  was 
primarily  due  to  the  magnetic  gradient.  Second,  we 
wanted  to  clearly  show  the  dramatic  change  in 

sensitivity  to  P  .  when  the  buffer  gas  is  removed. 

pA. 

On  the  other  hand,  for  applied  gradient  voltages 
less  than  about  0.2  volts,  the  light  shift  gradient 
dominates. 

In  figure  3  we  have  plotted  the  data  in  a 
different  form.  On  the  right  ordinate  scale,  to 
emphasize  the  change  in  frequency  with  change  in 
power,  we  have  plotted  a  frequency  change  due  to  a 
20  dB  change  in  P  ^  versus  the  gradient  voltage. 

The  microwave  change  is  from  an  attenuator  setting 
of  A0  dB  to  one  of  20  dB.  (As  a  point  of  further 
information,  the  maximum  signal  level  at  the  lock- 
in  amplifier  occurs  for  a  microwave  attenuator 
setting  of  about  35  dB.  The  100  Hz  modulation 
voltage  [see  figure  1)  used  in  all  these  measure¬ 
ments  is  one  that  produces  a  maximum  signal  level 
at  the  lock-in  when  the  frequency  of  the  microwave 


source  is  just  slightly  displaced  from  v 


Rb' 


[This 


is  an  open  loop  test.)  This  is  a  way  of  assuring 
that  the  microwave  source  is  not  being  overmodu¬ 
lated.)  This  change  in  P  ^  is,  of  course,  vastly 


larger  than  would  be  encountered  in  a  commercial 
unit,  and  our  purpose  was  to  emphasize  the  differ¬ 
ence  between  a  buffer  gas  filled  cell  and  one  with 
only  a  wall  coating.  Also  shown  in  figure  3  on  the 
left  ordinate  is  the  resonant  frequency  as  a  func¬ 
tion  of  applied  gradient  voltage  at  a  50  dB  attenu¬ 
ation  setting  for  the  microwave  power. 

Figures  A  and  5  give  the  same  information  for 
the  paraffin-coated  unsealed  cell  attached  to  the 
vacuum  system.  For  applied  gradient  voltages  of 
0.8  volts  and  less,  there  is  no  P  ^  dependence  to 

within  the  precision  of  the  measurement. 

The  larger  dependence  of  upon  changes  in 

P  ^  shown  in  figures  2  and  3  should  be  contrasted 

with  figures  A  and  5.  Note  also,  the  very  differ¬ 
ent  character  of  the  center  frequency,  ,  in 


figure  3,  as  compared  to  figure  5. 
this  difference  in  the  behavior  of  -v. 


Rb 


To  understand 
versus  mag¬ 


netic  gradient  (for  fixed  P  .),  some  additional 
information  is  needed.  " 

First,  the  portion  of  the  cell  which  is  near¬ 
est  the  light  source  (the  "input  end"  of  the  cell), 
is  very  near  the  center  of  the  cavity  so  that  the 
microwave  field  intensity,  0.  is  near  its  maximum 
there.  At  the  P  ,  =  50  dB  level,  and  in  this  re- 

pA 

gion,  P  ^  is  just  about  at  its  optimum  level  for 

inducing  transitions.  Thus,  for  smaller  attenuator 
settings,  this  region  is  in  microwave  saturation  to 
a  greater  or  lesser  degree.  Second,  the  magnetic 
field  due  to  the  gradient  coils  has  a  null  just  at 
the  "input  end"  of  the  cell  and  so  any  atom's 
hyperfine  frequency  is  the  higher  the  further  into 
the  cell  it  finds  itself. 

Now,  the  response  at  the  photocell  is  a 
weighted  average  of  the  absorption  throughout  the 
cell.  For  P  ^  =  50  dB,  the  major  contribution  is 

near  the  input  end  of  the  cell  and  this  group  of 
atoms  experinces  a  weaker  field  (and,  thus,  a  lower 
frequency)  than  the  average  field  experienced  by 
atoms  that  are  free  to  move  in  the  cell.  If  the 
theoretical  results  for  v^'-at  P  ^  =  50  dB— are 

displayed  as  in  figure  3,  then  a  large  decrease  in 
slope  at  increasing  values  of  is  also  observed. 

If  a  large  value  of  P  ^  (P  ^  =  20  dB)  is  used  in 

the  calculation,  then  a  larger  initial  slope  is 
obtained  and  this  slope  is  roughly  independent  of 
V  .  This  behavior  is  qualitatively  consistent 

with  the  idea  that  a  larger  value  of  P  .  would 

pA 

increase  the  weighting  of  atoms  nearer  the  center 
of  the  cell.  But  a  person  might  expect  that,  for  a 
fixed  value  of  P^,  the  weighting  would  be  fixed, 

i.e.,  independent  of  V^.  However,  for  large  val¬ 
ues  of  Vg,  the  frequency  change  over  even  a  small 

segment  of  the  cell  near  the  output  end  is  large 
compared  to  the  low-power,  non-homogeneity 
broadened  linewidth  (see  section  II. B. 2).  This 
means  that  the  number  of  atoms  available  for  micro- 
wave  absorption--per  unit  bandwidth  v  *  the  micro- 
wave  source — is  severely  decreased  nea.  .he  output 

end  of  the  cell.  Thus — for  a  fixed  value  of  P  . — 

pA 

the  resonant  frequency  of  all  atoms  in  the  cell 
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rises  with  increasing  V 


Kut-  thrtcft 


cell  for  which  it  rises  the  most  become  increas¬ 
ingly  less  effective  at  determining  the  center 
frequency.  This  causes  the  weighting  to  be  shifted 
toward  the  front  of  the  cell  as  V  increases.  A 
-  8 


comparison  with  data  (not  shown  here)  for  larger 
values  of  P  ^  gives  the  same  qualitative  behavior 

as  for  the  theory.  Moreover,  even  in  the  worst 
case,  the  ratio  of  the  theoretical  to  the  experi¬ 
mental  value  is  less  than  2. 


Linewidth  versus  and  Pumping— Light  Intensity. 

At  the  P  ^  =  20  dB  level — which  is  15  to  20  dB 

higher  than  that  which  produces  the  maximum  signal 
(with  the  low  modulation  level  that  was  used) — 
microwave  power  broadening  is  responsible  for  about 
60  percent  of  the  linewidth. 

If  the  magnetic  gradient  is  turned  off  and 
P^,  IQ  (the  pumping-light  intensity),  and  the 

modulation  voltage  reduced  to  as  low  a  value  as 
possible  for  obtaining  a  usable  signal  (about  a 
factor  of  4  lower  than  was  typical  for  Iq  and  the 

modulation  voltage),  then  the  linewidth,  AvRb,  is 

about  170  Hz  in  the  case  of  1730  Pascals  (13  Torr) 
of  N,,  and  about  230  Hz  in  the  cell  without  buffer 

gas.  We  conclude  that  there  is  a  slightly  higher 
relaxation  rate  when  using  the  paraffin  wall  coat¬ 
ing  than  when  using  the  buffer  gas. 

Further  evidence  for  the  validity  of  the  idea 
of  spatial  averaging  comes  from  the  behavior  of 
AvRb  versus  magnetic  gradient.  For  example,  in  the 

case  of  just  the  wall  coating,  AvRb  =  280  Hz  with  a 

gradient  voltage  of  1.2  volts  and  260  Hz  with  no 
magnetic  gradient.  For  the  buffer  gas  case — at  the 
same  level  of  P  ^  of  50  dB— the  values  are  850  Hz 

and  230  Hz.  Still  further  evidence  comes  from  the 
asymmetry  of  the  line.  For  the  buffer  gas  case,  at 
1.2  volts  gradient  voltage,  the  low  frequency  side 
of  the  line  is  220  Hz  wide  and  the  high  frequency 
side  is  630  Hz.  On  the  other  hand,  without  buffer 
gas,  the  two  sides  differ  by  only  3  Hz,  which  is 
less  thau  the  precision  of  the  linewidth  measure¬ 
ment. 


Theoretical  Results 


The  theoretical  model  (based  on  the  buffer  gas 
case)  assumes  that  the  Rb87  atoms  are  fixed  in 
space  and  that  their  resonant  frequency  depends 
upon  their  position  within  the  cell.  In  the  ex¬ 
periment,  the  buffer  gas  produces  the  immobility, 
with  the  intentionally  applied  magnetic  gradient, 
plus  the  spatially  changing  light  shift  producing 
the  frequency  gradient.  Figures  6  and  7  show  a 
comparison  between  the  theory  and  the  data.  In 
these  figures,  is  the  voltage  applied  to  the 

gradient  coils;  (i  is  the  microwave  field  intensity; 
K  is  a  constant;  6vRb  is  the  change  in  frequency 


between  the  measured  (or  calculated)  value  of  VRb 

and  its  value  at  V  =0  when  the  minimum  value  of 
g 

microwave  field  is  applied. 


The  equations  used  in  the  present  calculations 
are  based  upon  earlier  work  done  by  one  of  us  (JV) 
and  others.3’4’5  The  values  of  some  of  the  para¬ 
meters  that  appear  in  the  equations  were  determined 
from  our  or  others'  measurements.  However,  the 
value  of  pumping  light  intensity,  Iq,  used  in 

computing  figures  6  and  7  was  obtained  by  fitting 
to  the  data.  Approximate  values  of  Iq1  with  which 

to  begin,  were  obtained  from  reference  4. 

In  our  calculation  we  assumed  a  gaussian 
optical  absorption  line  and  that,  at  the  input  end 
of  the  cell,  I  also  had  a  gaussian  distribution. 

Because  the  pumping  light  is  strongly  absorbed  as 
it  traverses  the  cell,  the  light  shift  varies 
rapidly  along  the  length  of  the  cell  (see  figure 
8).  Based  on  a  measured  average  light  shift  of  35 
Hz  we  estimate  a  light  shift  of  100  Hz  at  the 
entrance  to  the  cell.  Then,  by  adjusting  the 
offset  between  the  centers  of  the  pumping  and 
absorption  lines,  we  attempted  to  get  agreement 
with  the  data  for  no  magnetic  gradient  (V  =  0.0  of 

figure  6).  The  calculated  values — at  P  .  =  20  dB, 

pA. 

were  typically  too  small  by  a  factor  of  2  or 
greater.  With  the  probable  asymmetry  of  the  spec¬ 
trum  of  the  pumping  light,  it  does  not  seem  sur¬ 
prising  to  us  that  the  agreement  is  poor  when  the 
gradient  is  due  primarily  to  the  light  shift. 

To  perform  the  calculation  (since  the  diameter 
of  the  cell  is  small  compared  to  the  diameter  of 
the  cavity)  we  assume  that  there  is  no  variation  of 
Iq,  or  p,  (or  of  the  atom's  frequency)  across  the 

cell,  i.e.,  at  right  angles  to  the  axis  of  the 
cell.  Along  the  axis  we  use  the  distribution  for  p 
according  to  the  known  mode  in  the  cavity.  (In 
reference  1,  the  Q  of  the  cavity  and  the  cavity 
configuration  were  such  that  p  was  inadequately 
known  for  useful  calculations.) 

The  amplitudes  of  a  discrete  (Gaussian- 
Hermite)  sp^crum  of  pumping  light  frequencies 
satisfy  a  system  of  first-order  differential  equa¬ 
tions  in  the  axial  coordinate,  Z.  These  were 
solved  numerically  by  a  Runge-Kutta  method.  The 
center  of  the  dip  in  the  amplitude  distribution  is 
the  system  frequency,  vRb> 

In  the  measurement  process  we  actually  measure 
a  dispersion  curve  rather  than  an  absorption  curve. 
Thus,  the  measured  linewidth,  AvRb,  is  the  width 

between  the  two  dispersion  peaks.  To  make  the 
theoretical  procedure  compatible  with  the  measure¬ 
ment,  the  first  derivative  is  taken  of  the  theore¬ 
tical  absorption  curve  and  a  theoretical  AvRb 

obtained  from  the  resulting  dispersion  curve. 

On  the  average,  the  agreement  of  the  theory 
with  the  data  is  sufficiently  good  to  reinforce  our 
belief  that  the  two  basic  assumptions  of  the  model 
are  correct.  On  the  other  hand,  there  is  suffi¬ 
cient  uncertainty  about  the  values  of  the  experi¬ 
mental  parameters  that  further  attempts  to  fit  the 
data  presented  here  do  not  seem  warranted. 

Additional  Thoughts  On  The  Use  of  Wall  Coatings 

In  the  work  reported  in  reference  1  we  found 
that  a  change  in  P  ^  of  0.4  dB  about  the  operation 


479 


point  caused  a  fractional  change  in  of  about  1 

x  10  11 .  The  present  work  shows  that,  for  strong 
gradients,  there  is  a  reduction  in  the  P  .  depen- 

|J/\. 

dence  by  a  factor  of  about  100  due  to  the  use  of 
the  wall  coating.  We  presume  that  (in  first  order) 
this  factor  also  holds  at  weak  gradients.  (Our 
theoretical  model  can  address  itself  to  this  ques¬ 
tion  and  we  are  proceding  to  do  this.  A  new  ex¬ 
perimental  setup  is  being  prepared  which  should 
have  measurement  precision  of  a  few  parts  in  1013.) 

Some  of  the  major  questions  that  need  to  be 
answered  with  regard  to  wall  coatings  are: 

1.  Will  the  frequency  shift  due  to  the  coat¬ 
ing  be  sufficiently  stable  (say  one  part  in  10 13  or 
better)  over  periods  of  many  months? 

2.  Will  its  temperature  dependence  be  suffi¬ 
ciently  small? 

3.  If  a  material  can  be  found  which  satisfies 
items  1  and  2,  is  its  use  commercially  feasible? 

Despite  these  uncertainties,  the  use  of  a  wall 
coating  has  made  a  very  large  reduction  in  a  major 
instability.  Further  studies  seem  warranted  to 
determine  if  a  significantly  improved  Rb  standard 
could  be  developed  based  on  a  wall-coated  cell. 
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Figure  1.  A  schematic  of  the  measurement  system. 
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Figure  2.  The  output  frequency,  >  versus  applied  microwave  power  on  a 

cell  filled  with  1730  Pascals  (13  Torr)  of  N^.  Minimum  micro- 
wave  power  corresponds  to  an  attenuator  setting  of  50  dB.  The 
voltage  applied  to  the  gradient  coils  is  the  parameter.  A 
voltage,  V  ,  of  1.6  volts  applied  to  the  gradient  coils  causes 

a  frequency  change  across  the  cell  of  about  2,500  Hz. 
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Figure  3.  The  data  was  taken  on  the  same  cell  as  used  in  figure  2.  The 
right  hand  ordinate  represents  a  frequency  change  due  to  a  20 
dB  change  in  microwave  power,  P  . .  The  abscissa  is  the  voltage 

applied  to  the  gradient  coils  and  is  a  measure  of  the  frequency 
gradient  across  the  cell.  The  left  hand  ordinate  is  the  output 
frequency  at  the  P  ^  =  50  dB  level. 
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Figure  5. 


Figure  4.  Same  as  for  figure  2  except  that  the  cell  wall  is  coated  with 
paraffin  and  the  cell  was  kept  under  vacuum. 


Same  cell  as  for  figure  4.  The  two  ordinates  and  the  abscissa 
are  the  same  as  for  figure  3. 
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Figure  6. 


The  theoretically  obtained  frequency  change,  Sv^r  versus  P  ^ 

Also  shown  for  comparison  is  some  of  the  data  of  figure  2 
(expressed  as  a  frequency  change). 
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Figure  7.  The  theoretically  obtained  linewidth,  Av^>  versus  P  The 
data  shown  corresponds  to  the  same  cell  as  in  figures  2  and  3. 


Figure  8.  Calculated  (theoretical)  pumping  light  distribution,  I,  at 
several  planes  along  the  cell  axis.  The  total  length  of  the 
cell  is  i  and  Z  is  measured  from  the  end  of  the  cell  where  the 
light  enters,  The  center  of  the  distribution,  at  Z  =  0,  is  at 
the  frequency  V  . 
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DEVELOPMENT  OF  A  LIGHT  WEIGHT,  MILITARY,  CESIUM  STANDARD 


Iancu  Pascaru  and  Marvin  Meirs 


Frequency  Electronics,  Inc. 
New  Hyde  Par'A,  New  York 


Summary 


Frequency  Electronics,  Inc.  is  presently 
developing  a  lightweight,  military,  Cesium  Beam 
Frequency  Standard  which  represents  a  further 
development  and  improvement  of  the  Master 
Regulating  Clock  TD-1251/U,  presently  being 
manufactured.  The  weight  will  be  reduced  from 
the  present  60  lbs  to  less  than  30  lbs.  This 
severe  requirement  made  necessary  the  redesign 
of  the  Cesium  Beam  Resonator  as  well  as  the 
electronic  system. 


Introduction 


The  Portable  Real  Time  Clock  (PRTC)  was 
designed  for  use  as  a  portable,  aircraft  atomic 
standard  using  the  transition  of  Cesium 
O.O-^A.O).  The  PRTC  is  used  as  a  precision 
clock  for  the  communication  system  on  the  616A 
program. 


ELECTRICAL  SPECIFICATIONS 


ACCURACY: 
REPROOUCIBILITY: 
SETTABILITY  (FREQUENCY): 
ADJUSTMENT  RANGE: 
LONG  TERM  STABILITY: 
SHCRT  TEEM  STABILITY 


+  3  X 

±  1  x 
+.  2  X 
6  X  10 


dl 

•11’ 


-28*C  to  +65*C 


.O'12 

11 


+  I  X  10 


ERAGING  TIME  (SEC.): 

AF/F 

1 

7  X  10 

to 

2,2  X  10“ 

100 

7  X  10'12 

1,000 

2.2  X  Hf12 

WARM-UP  TIME: 

20  MINUTES  FROM  -28*C 

SINUSOIDAL  OUTPUTS: 

5  MHZ,  1  MHZ,  VIA  FRONT  PANEL 

OUTPUT  VOLTAGE: 

OUTPUTS 

0.9  TO  1.5  VRMS  INTO  50  CHMS 

SQUARE  WAVE 
OUTPUT  3  MHz: 

2.5  VP -P  MINIMUM  INTO  75  CfftS, 

VOLTAGE  REQUIRED: 

REAR  PANEL  ONLY. 

115  CR  230  VAC  +  10?,  SINGLE  PHASE, 

STANDBY  BATTERY 

CAPACITY: 

50  TO  400  HZ;  CR  22  TO  31  VDC. 

1  HOUR  e  25 ’C 

STANDBY  CHARGING 

RATE: 

1/2  HOUR  «  -28*C  AND  -t65'C 

16  HOURS 

8ATTERY  SWITCHOVER: 

AUTOMATIC 

TABLE  I 


ENVIRONMENTAL  SPECIFICATIONS 


OPERATING 

TEMPERATURE: 

HUMIDITY: 

ALTITUDE: 

MAGNETIC  FIELD: 


VIBRATION: 


SHOCK 
CRASH  SAFETY 
EMC 


-28  *C  TO  +65‘C.  FREQUENCY  CHANGE 
<2  X  10'" 

95?  HUMIDITY.  FREQUENCY  CHANGE 
<1  X  uf" 

FREQUENCY  CHANGE  0  TO  15.2  KM 
(50,000  ft.),  <2  X  10-1 
0  TO  0.2  MILLITESLA  (0  TO  2  GAUSS) 
DC  CR  PEAK  AC  AT  50  ,  60  AND  400 
HZ;  FREQUENCY  CHANGE  LESS  THAN 
_+  2  X  10  '12 
MIL-E-16400 
MIL-E-5400 

FREQUENCY  SHIFT  <2  X  10* 

MIL-E-5400 

MIL-E-5400 

MIL-STD-461  AND  MIL-STD-462 


TABLE  II 


In  its  ready  mode,  the  PRTC  will  be  running  on 
a.c.  or  d.c.  external  power.  When  required  in 
the  aircraft,  the  external  power  is  discon¬ 
nected,  and  the  PRTC  automatically  switched  to 
its  internal  batteries.  The  PRTC  will  then  be 
carried  to  the  aircraft,  where  it  is  plugged 
into  the  equipment  rack  in  the  plane ,  which 
again  supplies  external  power.  The  PRTC  lends 
itself  to  any  requirement  where  a  portable 
cesium  standard  is  needed.  The  small  size  and 
light  weight  of  these  modules  also  makes  it 
ideally  suited  for  use  as  a  space  lock. 

Specification  Requirements 

A  summary  of  the  electrical  requirements  is 
shown  in  Table  I.  The  basic  accuracy  of  the 
standard  is  +3  X  10  over  all  operating 
conditions.  The  basic  environmental 

specifications  are  shown  in  Table  II, 
Frequency  Electronics  currently  manufactures  a 
cesium  standard  (TD— 1251 /U )  meeting  all  of 
these  requirements,  except  for  the  30  lbs. 
This  standard  is  shown  in  Figure  1.  The 
description  and  operation  of  this  clock  was 
reported  in  the  31st  Frequency  Control 
Symposium  (1). 
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FIGURE  1 

Master  Regulating  Clock,  TD-1251/U 
System  Description 

Figure  2  is  a  simplified  block  diagram  of  the 
new  Cesium  Beam  Standard.  The  5  MHz  OCVCXO, 
which  has  extremely  low  phase  noise  and  excel¬ 
lent  short  term  stability,  is  multiplied  to 
fj  =  9,200  MHz  by  the  multiplier  (X40)  and 
harmonic  generator  (X46).  The  synthesizer  pro¬ 
duces  a  frequency  f~  =  7.368,228,40  MHz  from 
the  5  MHz  OCVCXO.  The  difference  between  f. 
and  f2  is  9192.631,771,59  MHz  which  feeds  the 
resonator  input.  The  5  MHz  in  the  multiplier 
is  phase  modulated  at  an  83  Hz  rate. 


The  signal  from  the  Cesium  Beam  Resonator  is 
amplified,  demodulated  and  integrated  in  the 
Error  Signal  Controller.  The  error  signal  is 
used  to  lock  the  5  MHz  oscillator  to  the  Cesium 
transition. 


The  standard  provides  1  MHz,  3  MHz  and  5  MHz 
frequency  outputs ,  as  well  as  precision  second 
marks ,  minute  marks ,  and  time  of  day 
infbrmation.  The  real  time  clock  also 
provides  a  visual  time-of-day  display. 


The  front  panel  controls  are  shown  in  Figure  3. 
A  front  panel  meter  is  available  to  check  in¬ 
ternal  circuit  functions.  A  thumbwheel  switch 
provides  the  ability  to  advance  the  output 
pulse  in  100  nanosecond  steps  up  to  1  second. 
The  physical  layout  of  the  modules  is  shown  in 
Figure  4.  These  same  modules  were  reconfigured 
to  form  a  space  cesium  standard  (Figure  5). 
This  space  standard  does  not  require  the  front 
panel  controls,  real  time  clock,  or  battery 
power  supply  and  will  therefore  be  smaller  and 
consume  less  power. 

Table  III  shows  the  weight  allocation  for  the 
modules  of  the  PRTC.  The  power  distribution  is 
shown  in  Table  IV. 

Performance 

A  breadboard  of  the  system  was  fabricated  and 
tested.  The  design  of  the  5  MHz  oscillator  has 
been  completed  and  results  of  its  testing  are 
shown  in  Table  V.  This  low  phase  noise 
oscillator  weighs  only  0.6  lbs.  The  oscillator 
uses  miniaturized  hybrid  components  and  was 
made  with  a  glass  dewar  flask,  although 
provisions  were  made  to  use  a  titanium  dewar 
flask  if  necessary  (Figure  6). 

In  order  to  meet  the  30  lb.  weight  requirement, 
it  was  necessary  to  redesign  the  cesium 
resonator.  All  the  resonator  components, 
except  the  cesium  oven  assembly,  are  enclosed 
in  a  rectangular  structure  in  vacuum.  The 
components  are  firmly  secured  to  a  precision 
ground  base  plate ,  which  is  the  main  structure 
support  of  the  resonator.  The  only  movable 
component  is  the  cesium  detector  assembly, 
which  is  mounted  on  a  single  movable  plane 
platform  joined  by  a  metal  bellows  assembly. 
The  detector  assembly  is  secured  by  a  lock  nut 
when  optimum  signal  to  noise  ratio  is  attained 
during  cesium  beam  alignment. 


s  hhz  1  mu  i  mu 

OUTPUT  OUTPUT  OUTPUT 


FIGURE  2 

PRTC  Block  Diagram,  Model  FE-5450A 
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WEIGHT  ALLOCATION 

WEIGHT  (LBS) 


MODULE 

CHASSIS 

A!  CESIUM  BEAM  TUBE 
A3  ERROR  SIGNAL 
CONTROLLER 
A5  MULTIPLIER 
A7  SYNTHESIZER 
A8  5  MHZ  OCVCXO 
A9  CLOCK 

AlO  1  MHZ/3  MHZ  DIVIDER 
All  POWER  SUPPLY 
AI7  BATTERY  PACK 


SPACE 

TD-125I/U  APPLICATION 


1.0 

.9 

.7 

.8 

2.0 

.3 

2 

_3 _ 

29.7  LBS 


MODULE 

PRTC 

A1 

CESIUM  BEAM  TUBE 

10.0 

A3 

ERROR  SIGNAL 

CONTROLLER 

1.5 

A5 

MULTIPLIER 

2.5 

A7 

SYNTHESIZER 

1.0 

A8 

5  MHZ  OCVCXO 

1.6 

A9 

CLOCK 

4.5 

AlO 

1  MHZ/3  MHZ  DIVIDER 

1.5 

All 

POWER  SUPPLY 

7.8 

A17 

BATTERY  PACK 

0.9 

FOWER  DISTRIBUTION 
POWER  (WATTS) 
’RTC  TD-1251/U 


SPACE 

APPLICATION 


TOTAL  31.3  WATTS  42.5  WATTS 


TABLE  III 


TABLE  IV 


FIGURE  3 

Front  Panel  Detail 


FIGURE  5 

Space  Application  Module  Layout 
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FIGURE  6 

Miniaturized  Hybrid  Oscillator 


5  MHZ  OSCILLATOR  PERFORMANCE 


INPUT  POWER: 

1.6  WATTS 

SIZE: 

2"  X  2"  X  5.5" 

WEIGHT: 

0.6  LBS 

STS 

PHASE  NOISE 

TIME 

ALLEN  VAR 

FREQ. 

DB 

1  MSEC 

1.5  X  10~'° 

1  HZ 

-116 

1  SEC 

1.0  X  io~12 

10  HZ 

-135 

-.0  SEC 

1.2  X  10~12 

100  HZ 

-142 

100  SEC 

1.5  X  lO'12 

1  KHZ 

-150 

10  KHZ 

-160 

100  KHZ 

-165 

.J 


TABLE  V 


Resonance  Linewidth  @1/2:  900  Hz 
S/N  Ratio 


(AC  error  signal): 
STS: 

Resonator  Volume: 
Resonator  Weight: 


>54  dB  in  1  Hz  B.W. 

5  X  io~u/Vr 
115  cubic  inches 
11  lbs. 


Much  of  the  data  taken  on  the  Cesium  resonators 
used  the  1st  derivative  of  the  Ramsey  curve  as 
shown  in  Figure  7.  The  symmetry  of  this 
spectrum  and  the  well  resolved  lines  indicates 
a  good  uniformity  of  the  C-field  and  a  high 
degree  of  accuracy  for  the  phase  in  the 
microwave  field  of  the  Ramsey  cavity.  Figure  8 
is  the  derivative  curve  at  the  (3,0)f— ►(4,0) 
transition  used  for  locking  the  frequency  of 
the  standard.  The  recording  of  the  first 
derivative  of  the  Ramsey  curves  represents  a 
sensitive  and  accurate  method  of  measuring  the 
performance  of  a  cesium  beam  tube.  Figure  9 
shows  the  set-up  for  recording  of  this 
spectrum.  By  adding  a  frequency  synthesizer, 
X-Y  recorder,  and  a  low  pass  filter,  it  is 
possible  to  transform  the  Cesium  Standard  into 
a  spectrometer  for  recording  the  first 
derivative  of  the  Cesium  transitions. 


Summary 


The  basic  cesium  beam  optics  alignment  is 
simple  and  straight-forward,  i.e.,  A  and  B 
energy  state  selector  magnets,  C-field/shield 
and  aiurowave  structure  are  positioned  on  the 
centerline  of  the  precision  base  plate  of  the 
resonator.  Preliminary  performance  data  on  the 
new  resonator  are: 


We  have  described  the  development  of  a 
lightweight  Cesium  Frequency  Standard  that 
meets  stringent  military  requirements.  Bread¬ 
board  results  have  shown  an  accuracy  of  better 
than  4  X  10  .  Hardware  is  presently 

being  fabricated  for  the  first  two  prototype 
systems. 
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SUMMARY 

A  prototype  hexapole/double  dipole  cesium 
beam  tube  has  been  operated  successfully.  The 
overall  length  is  37.5  cm  and  weight  of  the 
sealed-off  tube  is  5.1  kg. 

A  low  frequency  flop-to-background  ratio 
of  1.7  indicates  that  the  optics  design  is  suc¬ 
cessful  to  first  order,  and  that  Majorana  tran¬ 
sitions  and  unwanted  background  are  not  swamping 
the  signal. 

The  measured  line  width  is  less  than  430  Hz 
which  is  unusually  narrow  for  a  beam  tube  of 
this  length,  and  is  consistent  with  a  velocity 
spectrum  estimated  to  peak  at  approximately 
100  m/sec.  Wnen  the  tube  optics  was  trimmed 
with  external  magnets,  a  signal-to-noise  ratio 
of  approximately  2,100  was  obtained.  The  line 
width  was  subsequently  decreased  to  320  Hz  by 
external  trimming  of  the  hexapole  and  double¬ 
dipole  fields. 

In  view  of  these  observed  effects,  it  is 
likely  that  the  beam  flux  can  be  further  in¬ 
creased  by  improved  design.  The  tube  has  been 
operated  in  a  cesium  standard  with  results 
consistent  with  measured  S/N. 

Key  Words  (for  information  retrieval) 

Cesium  Beam  Tube,  Hexapole,  Double-Dipole, 
Frequency  Standard. 

INTRODUCTION 

In  operational  frequency  standard  systems 
for  navigation  and  communications  it  is  of 
interest  to  improve  the  available  signal-to- 
noise  performance,  to  attain  smaller  frequency 
uncertainties  over  relatively  short  averaging 
times,  while  maintaining  the  presently  avail¬ 
able  size,  weight  and  required  power,  or  even 
reducing  them. 

We  have  constructed  an  experimental 
hexapole/double-dipole  cesium  beam  tube 
(Kartaschoff 's  design) 1  as  a  means  of  exploring 
an  alternative  to  the  standard  dipole  state- 
selection  beam  optics  used  in  all  commercial 
cesium  standards  at  present. 

The  standard  dipole  -  dipole  optics  ex¬ 
hibits  a  large  spatial  dispersion  coupled  with 
a  rather  wide  spectrum  in  atom  velocities. 


*Supported  in  part  by  the  U.S.  Navy  under 
Contract  N00014-78-C-0416. 


The  use  of  a  multipole  state  selector  is 
appealing  for  several  reasons: 

1.  The  velocity  selected  spectrum  can  be 
quite  narrow. 

2.  A  particular  velocity  slice  suffers  less 
spatial  divergence  than  for  the  dipole 
magnet  case. 

3.  Cesium  atoms  emitted  from  the  oven  are 
more  narrowly  confined  to  the  active 
cavity  axis  and  are  thus  more  readily 
gettered. 

4.  As  a  consequence  of  the  hexapole' s 
(weak)  focussing,  potential  signal 
strength  is  increased. 

Several  multipole  -  multipole  optics  systems 
using  hexapole  and  quadrupole  magnets  have  been 
explored  in  the  past.  One  difficulty  in  the 
practical  realization  of  a  high  accuracy,  small 
size  device  is  in  the  beam  detection.  The 
optimal  detector  location,  a  small  spot  on  the 
beam  center  line,  must  be  shielded  from  on-axis 
background.  Therefore,  the  detector  is  respon¬ 
sive  only  to  flop-out  signal  and  the  background 
tends  to  be  high  and  the  signal-to-noise  (short 
term  stability)  low.  (A  "flop-in"  annular 
detector  was  described  by  Holloway  and  Lacey  but 
it  suffers  from  a  number  of  mechanical  diffi¬ 
culties.)  Nevertheless,  the  primary  standard  of 
the  PTB,  which  uses  hexapoles,  as  well  as  a  more 
recent  Japanese  effort  have  been  reported  with 
adequate  S/N  ratios-*’^. 

A  scheme  using  a  hexapole  state  selector 
and  a  double-dipole  detector-analyzer,  was 
described  by  Kartaschoff  a  decade  ago*.  Although 
this  configuration  does  not  retain  the  cylindri¬ 
cal  symmetry  of  multipole  -  multipole  optics, 
there  are  a  number  of  other  advantages.  The 
flop-in  detector  is  a  simple  ribbon,  easily 
shielded  from  on-axis  rays,  and  should  permit 
good  signal- to-background  discrimination  with¬ 
out  rejecting  large  amounts  of  useful  signal. 

The  experimental  tube  to  be  described  was 
designed  to  Include  several  features  of  scale 
and  manufacturability  aimed  at  realizing  a 
highly  reliable  and  rugged  device.  The  hexapole 
magnet  is  of  minimum  size  and  weight  since  that 
will  ultimately  be  a  strong  consideration  in 
acceptance  of  such  a  new  design.  By  way  of 
contrast  this  hexapole  magnet  weighs  0.t>4  kg 
as  compared  to  3.4  kg  in  Kartaschoff 's  original 
design,  and  the  double-dipole  magnet  is  similarly 


490 


one-fifth  the  orig.‘  '*1  weight  and  size. 

The  beam  tube  is  shown  in  Figure  X,  along 
with  the  hexapoie  magnet  and  the  double-dipole  pole 
piece  construction.  Overall  length  of  the  tube  is 
37.5  cm  (14.75  inches),  and  the  weight  is  5.1  kg. 

HEXAPOLE  DOUBLE-DIPOLE  OPTICS 


General  Principles 


The  general  scheme  of  state  selection  and 
detection  is  shown  in  Figure  2.  The  figure  is  not 
to  scale  and  is  a  top  view  showing  the  width 
greatly  exaggerated.  The  cesium  source  is  a  simple 
effusive  channel,  placed  as  close  as  possible 
(for  highest  efficiency)  to  the  entrance  aperture 
of  the  hexapoie  "A"  magnet.  The  exit  aperture 
has  a  beam  stop  to  eliminate  on-axis  trajectories. 

The  "C"  field  is  transverse,  not  solenoidal, 
thus  allowing  the  use  of  existing  "C"  field 
windings,  Ramsey  microwave  cavity  structure  and 
magnetic  shielding. 

During  tube  construction.  Hall  probe  measure¬ 
ments  at  the  "B"  end  inside  the  doubly  shielded 
"C"  field  region  showed  a  rapid  and  smooth  decrease 
of  leakage  field  strength  to  the  57  milligauss 
level  required  at  the  position  of  the  microwave 
cavity. 

The-  hot  wire  detector  is  a  1mm  wide  ribbon, 
shown  in  cross  section.  A  mass  spectrometer  selects 
for  cesium  ions,  and  is  followed  by  an  electron 
multiplier  in  the  usual  manner. 

The  operation  is  as  follows.  Atoms  with 
negative  magnetic  moment  (p),  traveling  out  from 
and  along  the  axis  are  deflected  toward  the  axis 
in  the  "A"  magnet.  In  the  strong  field  approxi¬ 
mation  they  experience  a  force  proportional  to 
radial  displacement,  and  undergo  harmonic  motion. 

If  the  traversal  time  is,  for  example,  one-quarter 
of  the  harmonic  period,  then  the  atoms  emerge 
approximately  paraxially  to  travel  through  the 
Ramsey  cavities.  Positive  u  atoms  are  deflected 
outward,  to  nearby  getters.  Atoms  in  the  (4,0) 
state  can  undergo  r.f.  transitions  to  the  (3,0) 
state.  Having  now  positive  p  as  they  enter  the 
inhomogeneous  "B"  magnet,  they  are  again  deflected 
toward  the  axis  and  strike  the  detector,  whether 
they  go  through  the  left  hand  or  right  hand  gap. 

The  hot  wire  detector  is  well  shadowed  by  the 
central  pole  piece  which  has  additional  aperture 
definition,  not  shown.  This  makes  it  unlikely  for 
atoms  not  having  the  proper  "signal"  characteristics 
to  be  detected. 


The  spatial  dispersion  of  atom  velocities  is 
symmetrical  to  some  extent.  It  is  still  true  that 
atom  velocity  will  be  a  function  of  radial 
distance,  from  the  axis,  of  the  trajectory  of  the 
atom  emerging  from  "A".  However,  this  is  in 
contrast  to  the  strong  asymmetries  associated  with 
dipole  optics.  These  considerations  are  important 
because  the  clock  transition  frequency  is  a 
function  of  relative  phase  across  the  cross-section 
of  the  microwave  interaction  region^. 


magnetic  moment  p  changes  sign  between  low  field 
regions  (near  the  axis)  and  high  field  regions. 

This  will  occur  for  some  of  the  (3,  -3)  and  (3,  -2) 
flux  which  is  deflected  first  toward  the  axis 
center  line,  then  procedes  through  the  "C"  field 
to  a  high  field  "B"  region,  where  p  is  now  negative. 
These  atoms  are  then  deflected  toward  the  hot  wire. 
However,  not  all  such  atoms  are  excluded  by  the 
beam  stops,  particularly  when  skewed  trajectories 
are  considered.  Atoms  in  the  state  (4,  -3) 
similarly  change  sign  of  p  at  intermediate  field 
strength  and  so  can  contribute  "signal-like" 
trajectories. 

In  general  terms,  the  hexapoie  selects  a  narrow 
range  of  atom  velocities  and  provides  a  state- 
selected  beam  which  is  more  or  less  paraxial.  The 
velocity  of  an  emerging  atom  is  some  function  of 
radial  distance,  but  to  first  order,  the  velocity 
range  of  atoms  traveling  through  the  detector 
magnet  gaps,  is  dictated  by  the  "A"  magnet  field 
strength.  Assuming  strong  fields  (p  =  constant) 
the  expected  probable  velocity  was  less  than  100 
m/sec.  which  in  turn  implied  a  linewidth  of  about 
380  Hz. 


Efficiency 

The  hexapoie  field  may  be  thought  of  as  focuss¬ 
ing,  in  that  a  point  source  of  mono-veloctiy  atoms 
is  imaged  on  a  small  detector  spot.  In  practice,  the 
source  must  be  of  finite  size,  and  the  optics  is 
far  from  perfect.  For  example,  angular  momentum 
of  atoms  about  the  axis  spreads  out  the  detector 
plane  pattern. 

On  the  basis  of  oversimplified  solid  angle 
considerations  alone,  the  acceptance  angle  for 
the  hexapoie  would  give  considerable  advantage 
over  the  standard  optics.  However,  a  full  descrip¬ 
tion  of  the  flux  efficiency  involves  detailed 
consideration  of  all  possible  trajectories,  field 
dependencies  and  transition  probabilities. 


It  is  of  interest  to  know,  even  approximately, 
how  overall  efficiency  depends  on  selected 
velocities.  Becker1’  has  calculated  the  efficiency 
for  vaiious  combinations  of  hexapoie  and  quadrupole 
magnets.  If  his  assumptions  can  be  applied  in 
our  case,  with  a  projected  source  image  larger 
than  the  detectur  aperture,  then  the  dependence 
of  S/N  ratio  on  velocity  would  go  as  (v)*'^,  where 
v  is  the  velocity  of  the  atoms.  Since  linewidth 
is  proportional  to  v,  we  might  expect  the  quantity 
(S/N)/W,  ("figure-of-merit")  where  W  is  linewidth, 
to  increase  as  (v)0-^.  However,  a  more  ideal 
geometry  would  make  use  of  much  smaller  source 
dimensions  (at  the  expense  of  total  flux).  In 
that  case  Becker's  analysis  would  show  (S/N)/W 
to  go  as  (v)-^’^  thus  making  low  velocity  selection 
preferred. 


The  experimental  tube  initially  exhibited  a 
linewidth  consistent  with  £  113  m/sec.  It  is 
useful  to  recall  that  available  beam  intensity  from 
the  oven  is  a  steep  function  of  v.  At  v  =  100  m/sec 
the  intensity  is  20%  of  that  at  the  thermal 
distribution  peak,  which  occurs  at  260  m/sec. 


RESULTS 


At  the  "A"  magnet  exit,  beam  stops  and  field 
trimmers  were  used  to  minimize  the  contribution  of 
Majorana  transitions  to  the  background  signal. 

The  beam  stops  were  also  expected  to  intercept 
some  of  the  background  states  for  which  the  effective 


The  tube  was  initially  run  with  variable  oven 
temperature.  A  20  kHz  excitation  coil  in  the 
center  of  the  C  field  region  allowed  observation 
of  the  low  frequency  flop  signal.  Flop  to  back¬ 
ground  ratio  was  1.7,  an  encouraging  indicator  that 
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the  signal  was  not  lost  in  a  background  of  Majorana 
flop  and  unwanted  trajectories.  Beam  signal  was 
approximately  0.5  pA  and  this  was  consistent  with 
the  observed  noise  figure. 

Iiiitially,  the  Ramsey  resonance  linewidth  was 
430  Hz  and  the  S/N  ratio  was  1200,  measured  as  peak 
minus  valley  signal  current,  divided  by  the  noise 
in  a  1/4  Hz  bandwidth  at  the  modulation  frequency. 

It  was  found  that  it  was  possible  to  increase  the 
signal  by  perturbing  t.ie  beam  optics  and  trimming 
the  internal  fields  with  external  magnets.  By  this 
means  it  was  possible  to  increase  the  S/N  ratio  to 
above  2100. 

It  was  suspected  that  an  even  larger  signal 
was  prevented  in  part  due  to  a  mis-match  between 
the  "A"  and  "B"  magnet  field  strengths.  The 
trajectory  calculations  based  on  measured  magnet 
gap  fields,  and  the  placement  of  the  detector,  had 
pointed  toward  a  lower  velocity  cut  than  that 
observed.  Thus  an  attempt  was  made  to  decrease 
the  focussing  field  strengths  by  small  increments, 
using  external  degaussing  pulses. 

In  these  experiments  it  was  possible  to 
increase  the  signal  by  50%,  but  without  improving 
S/N  ratio.  Further  efforts  then  resulted  in 
decreasing  signal.  During  this  process  the  measured 
Ramsey  linewidth  decreased  from  430  Hz  to  320  Hz, 
the  latter  indicating  a  velocity  peak  at  about 
34  m/sec. 

Figure  3  shows  the  (4,0)  (3,0)  microwave 

("clock  transition")  resonance  in  detail.  This  scan 
was  made  under  conditions  of  less  than  1200  S/N 
ratio.  No  external  trimming  fields  were  in  place. 

Figure  4  is  a  lower  resolution  scan  of  the 
same  resonance,  showing  the  centering  of  the  0  0 

transition  on  the  pedestal. 

The  cesium  beam  tube  was  operated  as  a 
frequency  standard  using  modified  FTS  Model  4000 
cesium  standard  electronics.  Operating  conditions 
were  such  that  the  figure-of-merit  was  approximately 

2.  Figure  5  shows  the  preliminary  frequency 
stability  measurements.  Long  term  data  taking 
is  not  yet  complete. 

CONCLUSION 
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Some  of  the  vital  statistics  of  the  experi¬ 
mental  tube  are  shown  in  Figure  6,  along  with  a 
brief  summary  of  results.  The  overall  length  of 
the  tube  is  only  37.5  cm  (14.75  inches),  weight  is 
5.1  kg.  The  hexapole  magnet  bore  diameter  is 
0.3  cm. 

A  S/N  ratio  of  more  than  2100  (1/4  Hz  noise 
bandwidth)  was  obtained,  under  conditions  of 
magnetic  trimming,  at  a  linewidth  of  430  Hz.  This 
indicated  a  f igure-of-raerit  of  better  than  4, 
which  is  encouraging  for  a  first  cut  at  this  new 
type  of  beam  optics,  in  a  relatively  short  tube. 

It  is  clear  from  the  observed  response  of  the 
beam  tube  to  perturbing  forces,  that  the  optics 
configuration  is  not  yet  optimal.  A  reasonable  goal 
is  to  have  a  tube  of  length  and  weight  similar  to 
this,  exhibiting  a  signal-to-noise  ratio  greater 
than  10,000  with  a  linewidth  of  330  Hz,  and  thus 
achieve  frequency  uncertainties  approaching  1  x  10”^ 
for  averaging  times  of  one  day. 
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FIGURC  3.  MICROWAVE  RESONANCE  (4.0)  -  (3.0)  TRANSITION;  LINEWIDTH  320  Hi 


FIGURE  4.  (4.0)  -  (3.0)  RESONANCE  AT  LOW  RESOl  VTION 
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LASER  TO  MICROWAVE  FREQUENCY  DIVISION 
USING  SYNCHROTRON  RADIATION  II 


J.  C.  Bergquist  and  D.  J.  Wineland 
Frequency  and  Time  Standards  Group 
National  Bureau  of  Standards 
Boulder,  CO  80303 
(303)  499-1000,  ext.  4459 


Abstract 

We  present  a  review  of  theoretical  calcula¬ 
tions  which  demonstrate  the  feasiblity  of  obtaining 
one  step  frequency  division  from  optical  or  infra¬ 
red  laser  frequencies  to  a  subharmonic  in  the 
microwave  spectral  region,  and  include  current  ex¬ 
perimental  designs  toward  a  practical  realization 
of  this  goal.  We  plan  to  drive  the  cyclotron  orbit 
of  a  single  relativistic  electron,  which  is  con¬ 
fined  in  a  Penning  ion  trap,  with  a  laser  beam 
focused  to  a  spot  diameter  'v  X.  This  method  is  an 
extension  of  a  common  technique  used  in  cyclotrons 
and  synchrotrons  where  the  orbit  of  high  energy 
particles  is  driven  at  a  harmonic  of  the  orbit  fre¬ 
quency.  Our  experiment  is  designed  to  measure  this 
orbit  frequency  which  is  then  a  subharmonic  of  the 
driving  (laser)  frequency.  This  technique  requires 
that  the  uncertainty  in  the  electron  orbit  dimen¬ 
sions  be  limited  to  <  X/2,  which  is  possible  by 
radiative  cooling  and  the  method  of  motional  side¬ 
band  excitation.  The  possibility  of  a  unified 
optical  wavelength/frequency  standard  is  evident. 

Introduction 

It  is  our  intent  in  this  paper  to  summarize 
and  extend  the  theoretical  analysis  of  a  broadband 
laser  to  microwave  frequency  divider  proposed 
earlier.1  We  also  give  a  brief  description  of 
experimental  designs  being  considered  for  the 
realization  of  this  division.  The  importance  of 
accurate  freuqency  division  from  the  optical  spec¬ 
trum  derives  primarily  from  frequency  (time)  and 
wavelength  metrology  and  the  extreme  likelihood 
that  the  most  accurate,  reproducible,  and  stable 
oscillators  may  be  realized  in  that  part  of  the 
electromagnetic  spectrum.  Certainly,  there  is 
great  value  of  such  a  device  in  the  area  of  atomic 
and  molecular  spectroscopy. 

Principle  of  Operation 

The  proposed  synchrotron  divider  is  based  on 
the  principle  that  a  purely  harmonic  oscillator  can 
be  coherently  driven  (pumped)  by  a  spatially  non- 
uniform,  higher  order  harmonic  driving  field.  This 
method  has  been  used  for  years  in  cyclotrons, 
synch  ocyclotrons,  and  synchrotrons  to  accelerate 
charged  particles  to  relativistic  speed*.  In  these 
devices,  particles  arc  frequently  driven  by  radia¬ 
tion  from  microwave  cavities,  which  is  localized  to 
a  small  portion  of  the  cyclotron  orbit,  at  fre¬ 
quencies  integrally  related  to  the  cyclotron  orbit 


frequency.  For  a  significant  transfer  of  energy 
from  the  RF  driving  field  into  the  cyclotron  orbit 
it  is  necessary  that  the  interaction  time  of  the 
charged  particles  with  the  radiation  field  be 
comparable  to  or  less  than  one-half  period  of  the 
RF  frequency.  Longer  interaction  times  quickly 
average  the  transfer  of  energy  to  zero. 

It  would  seem  possible  to  straightforwardly 
extend  this  technique  to  driving  fields  of  shorter 
wavelengths  in  order  to  drive  the  cyclotron  orbit 
of  a  single  electron  in  a  magnetic  field  at  a  very 
high  harmonic  of  the  cyclotron  frequency.  Theore¬ 
tically,  this  is  the  case,  however,  shorter  wave¬ 
lengths  entail  special  practical  considerations 
discussed  below.  If  the  orbit  is  stable  then  the 
power  absorbed  by  the  electron  from  the  harmonic 
excitation  is  balanced  by  the  emitted  synchrotron 
radiation.  The  cyclotron  frequency  is  then  a 
phaselocked  submultiple  of  the  driving  frequency. 

We  illustrate  the  important  features  of  the 
proposed  method  in  fig.  1. 


SYNCHROTRON  FREQUENCY  DIVIOER 


Radiation  from  a  well  collimated,  Gaussian  laser 
beam,  linearly  polarized  in  the  x  direction  and 
traveling  in  the  -z  direction  is  focused  into  a 
spot  with  diameter  “v  X  by  a  lens.  If  it  is  pos¬ 
sible  to  provide  that  the  electron  orbit,  which  is 
confined  to  lie  in  the  x,y  plane,  pass  through  this 
focus,  then  the  electron  will  absorb  energy  from 
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the  radiation  field.  Assuming  that  the  envelope 
for  the  electric  field  vector  is  approximately 
Gaussian  and  that  the  absorbed  energy  per  pass  (AW) 
is  small  compared  to  the  total  electron  energy,  we 
have 


AW  £ 


00 

f  eE^dx  =  -J2  eA  cos  6  exp 


where 


(1) 


A  =  field  amplitude  factor 
6  =  phase  of  laser  field 
v  =  electron's  velocity 
Sq  =  actual  diameter  of  focused  line  A.) 
c  =  speed  of  light 


Note  that  AW  shows  a  double  exponential  dependence 
on  the  ratio  cS^/Av.  Thus  the  energy  transferred 

to  the  electron  is  extremely  small  unless  this 
ratio  is  approximately  equal  to  one.  This  is 
because  the  oscillating  driving  field  will  rapidly 
average  the  energy  transfer  to  zero  unless  we  can 
arrange  that  the  electron  spend  approximately  one 
cycle  or  less  in  the  radiation  field.  If  the 
extent  of  the  interaction  region  could  be  made 
substantially  less  than  A  then  the  speed  of  the 
electron  could  be  made  correspondingly  less  while 
maintaining  an  effective  energy  transfer.  A  pos¬ 
sibility  may  be  a  dielectric  waveguide  with  trans¬ 
verse  dimensions  less  than  A  that  is  projected  into 
the  trap  and  is  cut  off  within  about  A  of  the 
electron  orbit. 


Confinement  of  the  circular  electron  orbit 
path  to  <  A/2,  which  is  necessary  to  prevent  AW  ■*• 
0,  is  accomplished  by  trapping  the  electron  in  a 
Penning  trap  with  hyperbolic  electrodes  immersed  in 
a  static  magnetic  field  B  =  Bq  z.  The  electro¬ 
static  potential  is  given  by  ijt  =  Vo(r2-2(z2-ZQ2))/ 
(r  2  +  2z  2)  where  r  is  the  radial  coordinate,  z  is 

O  0 

the  axial  coordinate,  r  and  z  are  the  character- 
o  o 

istic  dimensions  of  the  trap,2  and  Vg  the  voltage 

applied  between  the  trap  electrodes.  The  axially 
symmetric,  static  electromagnetic  trap  is  thus 
formed  wUdi  two  endcap  electrodes  which  are  con¬ 
structed  ^to  lie  on  the  iji  =  0  equipotential  surface 
and  a  ring  electrode  which  conforms  to  the  equi¬ 
potential  ijf  =  V  .  The  motion  of  the  electron  is 

given  by  the  synthesis  of  three  separate  oscilla¬ 
tions.  First  there  is  the  harmonic  motion  parallel 
to  the  z  axis  at  frequency  «/  =  (eV  /mn2(r  2  + 

2zq2))^  due  solely  to  the  applied  electric  field. 

In  the  radial  plane  _£he  motion  is  comprised  of  the 

sum  of  two  vectors  r  and  r  which  rotate  at  fre- 
c  m 

quencies  v  '  and  v^.  These  frequencies  are  ap¬ 
proximated  by  £  vz2/(2vc)  and  v  '  £  v  = 

(eB  /2nmc),  when  V  »  V  .  In  order  to  satisfy  our 
o  c  z 

requirement  to  confine  the  electron  orbit  path  to  < 
A/2,  Jr^l  and  z  must  be  held  to  <  A/4.  This  can  be 


accomplished  by  radiatively  cooling  the  axial  (z) 
motion  and  suppressing  the  magnetron  (r^)  motion  by 

the  method  of  motional  sideband  excitation.1’3  The 
electron  orbit  is  then  nearly  circular  with  cyclo¬ 
tron  frequency  v  1 . 

The  minimum  r^  is  given  by1 

rm2  “  2  (wm/uJz)  <z2>  (2) 

where  <z2>  is  the  mean  square  thermally  excited 

axial  amplitude.  As  a  quantitative  example,  assume 

that  r  £  1.6  z  =  0.1  cm,  V  =  10  kV,  v/c  =  0.8, 
o  o  o  1  •  7 

S  =  A,  B  £  IT  with  v  -v  15  GHz,  and  T  =4  K. 
These  conditions  will  give  vz  £  7.8  GHz,  -J<z2'  £ 
175  nm,  and  r  ■'«  150  nm  and  an  orbit  confined  to 

ID 

less  than  A/2  provided  A  *  700  nm.  We  note  that  Vq 

is  extremely  large  in  order  to  confine  the  axial  z 
excursions  to  <  A/4.  This  requirement  is  greatly 
reduced  if  the  focus  is  a  cylindrical  line  parallel 
to  z  rather  than  a  spot  of  dimensions  A  on  all 
sides.  This  focus  (A  x  A  x  20A)  could  be  obtained 
with  a  softly  focused  beam  followed  by  a  strong 
focusing  cylindrical  lens.  A  smaller  value  of  Vo 

reduces  the  likelihood  of  spurious  field  emission 
currents  which  could  give  rise  to  extraneous  trap¬ 
ped  electrons.  Since  <z2>  «  V  1  and  v  a  V  \  a 
r  o  _ z  o  ’ 

reduction  of  VQ  by  102  increases  <]<zz>  by  10  and 

reduces  vz  by  the  same  factor.  From  Eq.  2,  the 

minimum  value  of  r^  increases  by  only  a  factor  of 

three.  Thus,  this  change  in  V  to  100  V,  allowed 

by  the  cylindrical  lens  focus,  gives  v  £  780  MHz, 

•J<zz>  •v  1.75  pm,  and  r^  =  0.45  pm,  permitting  A  > 

600  nm.  (It  is  further  noted  that  the  electron 
orbit  confinement  problem  is  greatly  reduced  by 
choosing  longer  wavelength  lasers). 

If  we  now  provide  an  energy  balance  between 
the  energy  absorbed  by  the  electron  and  the  energy 
lost  through  synchrotron  radiation,  which  is  effi¬ 
ciently  coupled  out  to  the  frequency  measurement 
electronics,  the  the  cyclotron  frequency  will  phase 
lock  to  a  subharmonic  of  the  laser  frequency. 
Given  that  the  laser  has  only  minimum  amplitude  and 
frequency  stability,1  the  phase  lock  condition  will 
occur  for  0<6<7t/2.  Consider  that  6  =  71/ 4  initially 
and  that  the  laser  power  incident  on  the  cylindri¬ 
cal  lens  is  approximately  20  mW.  The  power  ab¬ 
sorbed  and  subsequently  radiated  by  the  electron, 

confined  as  described  above,  is  about  1.4  x  10  ^ 

W. 


Feedback 


Stability  of  the  phase  lock  is  automatically 
achieved  since,  for  example,  an  increase  in  the 
energy  of  the  electron  results  in  a  corresponding 
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decrease  in  the  cyclotron  frequency  owing  to  the 
increase  in  relativistic  mass.  The  electron  thus 
experiences  a  slightly  advanced  phase  of  the  laser 
on  the  next  pass  through  th?  focus.  This  implies 
that  AW  decreases  slightly  and  therefore  the  elec¬ 
tron  energy  decreases.  It  is  in  this  manner  that 
the  electron  phase  locks  to  the  laser  frequency. 

We  note  that  if  initially,  or  at  any  later 
time,  an  energy  imbalance  exists  between  the  energy 
absorbed  and  the  energy  radiated,  then  the  auto¬ 
matic  tracking  of  the  electron  to  the  balance  point 
is  not  critically  damped.  Rather,  the  electron 
slews  to  the  lock  point  in  a  slowly  damped  oscilla¬ 
tory  fashion  with  a  time  constant  equal  to  the  trap 
coupled  radiative  decay  time1  of  approximately  1 
ms. 


To  be  more  quantitative,  we  write  the  change 
of  phase  of  the  microwave  field  (40  as 


d4>(t) 

dt 


=  4>(t)  +  u>c' 


where  $(t)  is  the  frequency  deviation  from  the 
normal  "locked"  cyclotron  frequency^'.  We  have 

<E*(t)  =  Aw(t)  =  Au>fb(t)  +  AlUj(t)  (3) 

where  Aw^b  is  the  is  the  instantaneous  frequency 

deviation  of  the  electron  f-om  w  1  due  to  the 

c 

energy  imparted  by  the  laser,  and  Aw^  is  the  fre¬ 
quency  deviation  due  to  the  radiation  decay. 
Writing  6  =  n/2  -  0  and  assuming  we  are  in  the  high 
power  limit  of  the  laser  then  the  nominal  value  of 
6  ■*  n/2  so  that  Eq.  (1)  becomes  AW  S  Wq0,  where  Wq 

=  V?  eA  exp  [-(rtcS  /2v\)2].  Now  0  =  k(j>  where  k  is 
the  division  factor  v^/vc'  so  that  AW  Z  W^ktf. 


Noting  that 


d(Auifb) 

dt 


fb 


where  E  is  the  total  energy  of  the  electron,  then 


d(Au.fb) 

dt 


(4) 


To  estimate 

dt 


we  first  note  that 


d(Aiud) 

dt 


/4e2y2wc' 2 


3Ec 


(5) 


where  t  is  approximately  equal  to  the  damping  time 
at  low  energy.  We  will  assume  that  this  expression 
is  also  valid  when  x  is  decreased  by  coupling  the 
electron  to  the  trap  electrodes.  Differentiating 
Eq.  3  with  respect  to  time  and  using  Eqs.  (4)  and 
(5)  we  obtain 


$  +  |  <j>  +  (w^)2  4  =  0  (6) 

L 

where  w^  =  (w£vc'W0/E)  .  Thus  phase  oscillations 

around  the  nominal  "locked"  phase  occur  at  fre¬ 
quency  w^  and  are  damped  with  approximately  the 

radiation  damping  time.  For  a  laser  power  of  200 
mW  (X  =  3.39  pm)  in  the  above  example  W  S  1.8  x 

10  ergs,  and  w^/2ti  S  1.7  x  10**  Hz. 


Spread  of  the  electron  wave  packet 


To  estimate  the  restrictions  placed  on  the 
model  by  quantum  mechanics  we  start  with  the  un¬ 
certainty  relation  A<]>  An  >■  1,  where  A<J>  is  the 
uncertainty  in  phase  of  the  cyclotron  orbit  of  the 
electron  and  An  represents  the  corresponding  un¬ 
certainty  in  energy  for  the  electron.  Neglecting 
the  electric  field  and  electron  spin,  the  electron 
energy  is  given  by 

E  =  [(me2)2  +  mc2hu)c(n  +  yp  (7) 

We  want  to  build  a  wave  packet  which  has  its  phase 

defined  with  an  accuracy  A(J>  <  (2nX/10)/(2nr  ) 

-4  c 

=  1.3  x  10  rad.  From  the  uncertainty  relation 

this  requires  a  spread  in  energy  quantum  number  of 

An  <  0.75  x  10^*.  From  Eq.  (7)  this  corresponds  to 
a  range  of  natural  frequencies  Aw  S  u>  '  An/n  3  1  3 

-6  ^ 
x  10  w  '.  Classically,  if  we  assume  that  the 

initial  conditions  for  Eq.  6  are  given  by  these 
values  of  Aij>  and  Aw,  then  we  see  that  the  phase  is 
bound  and  initially  oscillates  with  amplitude  1.75 
-4 

x  10  rad.  Quantum  mechanically,  it  therefore 
seems  likely  that  the  electron  will  phase  lock  if 
the  initial  wave  packet  has  a  limited  range  of 
values  of  n  and  $.  Clearly  this  treatment  is  not 
rigorous  and  a  more  careful  analysis  of  the  quantum 
fluctuations  must  be  made. 
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d(Awd) 

dt 


d 


An  accurate  expression  for  the  energy  decay 
due  to  synchrotron  radiation  (dE/dt)^  in  the  ab¬ 
sence  of  coupling  structures  is  given  in  Ref.  1. 
Using  this  expression,  we  can  find  the  dependence 
of  d(Awd)/dt  on  the  difference  frequency  (Aw)  and 

obtain 
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Abstract 

The  measurement  of  frequencies  in  the 
Hr  z  region  requires  a  highly  clean,  reli¬ 
able  and  stable  multiplier  chain  to  relate 
tr.is  spectral  range  with  the  one  where 
standard  frequencies  are  available.  Most 
critical  is  the  low  frequency  section  of 
SvCh  a  device.  The  multiplier  realized  at 
1:1?  is  here  described. 

The  5  MHz  signal  from  a  highly  pure 
quartz  oscillator  drives  a  commercial  x5 
multiplier  and  then  a  second  x5  stage  rea¬ 
lized  with  two  transistors  in  a  differen¬ 
tial  amplifier  configuration  using  Schottky 
diodes  as  switching  elements,  which  was 
measured  not  to  significantly  increase  the 
phase  noise  of  the  incoming  signal. 

After  quartz  filtering  and  amplifica¬ 
tion  at  125  MHz,  the  XBand  is  reached  with 
two  overlay-transistor  doublers  and  a  step 
recovery  diode. 

The  measured  temperature  and  time  de¬ 
pendent  variations  of  the  output  amplitude 
remain  within  a  few  percent  without  ampli¬ 
tude  control  under  laboratory  conditions, 
and  the  phase  noise  promises  a  useful  car- 
r; er-to-pedestal  noise  ratio  at  about  20 
THz,  v/ith  100  Hz  IF  bandwidth. 

A  raillimetric  klystron  is  phaselocked 
to  the  XBand  signal  and  used  for  obtaining 
the  beat  note  with  the  subram  signal  under 
measurement . 

Introduction 

In  several  fields  of  technology  and 
science  it's  very  useful  to  synthesize  sig¬ 
nals  with  high  spectral  purity  in  the  sub- 
millimetric  region  starting  from  stable 
quartz  oscillators  in  the  MHz  region.  As 
examples  of  applications  for  metrological 
purposes  one  may  consider  the  study  of  a¬ 


tomic  and  molecular  transitions  or  the 
phase  locking  of  the  far  infrared  lasers 
used  in  the  frequency  synthesis  from  micro 
wave  to  the  visible  spectrum. 

Some  problems  arising  from  the  high 
multiplication  order  inherent  in  such  a 
harmonic  generation  were  discussed  in  fl] 
and  [2],  whereas  in  [3]  experimental  re¬ 
sults  showing  a  signal  to  phase  noise  ratio 
S/N^17  dB  in  a  bandwidth  Bw  =  10  kHz  at 
761  GHz  were  reported  without,  using  cryo¬ 
genic  components. 

In  this  paper  a  new  multiplier  chain 
is  described  in  which  a  particular  atten¬ 
tion  was  payed  to  the  origin  of  phase  noise 
in  the  first  stages  of  the  chain  and  to  its 
reduction.  The  experimental  results  give 
an  improvement,  compared  to  the  previous 
data,  greater  than  10  dB  in  S/N/  in  the 
subraillimetric  region  and  as  a  consequence 
frequency  measurements  with  coherent  refer 
ence  signals  are  now  possible  up  to  20  THz. 

Review  of  VHF  multipliers 

The  availability  of  5  MHz  quartz  oscil 
lators  with  a  white  phase  noise  spectral 
density  of  -177  dBc  has  recently  allowed 
a  sizable  improvement  in  far  infrared  syn¬ 
thesis  [4].  However  the  complete  exploita¬ 
tion  of  such  characteristics  requires  to 
keep  very  low  the  additive  noise  in  the 
multiplier  chain.  In  fig.  1  the  experimen¬ 
tal  results  obtained  at  IEN  on  some  VHF 
multipliers  are  reported.  As  it  is  well 
known  class  C  transistors  exhibit  an  addi¬ 
tive  noise  high  enough  to  spoil  the  spec¬ 
tral  purity  of  the  driven  quartz.  The  low¬ 
est  values  of  S*(f)  obtained  for  multipliers 
using  different  class  C  transistor  configu 
rations  fell  in  the  dashed  band  of  figure 
1 .  Little  variations  within  these  limits 
were  obtained  changing  the  transistors 
operation  point,  the  resonant  circuit  Q, 
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the  multiplication  order,  the  assembly  meth 
od.  As  far  as  step-recovery  diodes  are  con¬ 
cerned  the  white  phase  noise  is  comparable 
with  class  C  transistors  whereas  the  flicker 
noise  is  even  worse.  Problems  in  impedance 
matching  and  the  possibility  of  hysteresis 
make  not  advisable  the  use  of  varactors  be 
low  100  r.IHz  [5]. 

Furthermore  one  must  take  into  account 
that,  even  if  at  higher  frequencies  the  natu 
ral  increase  of  phase  noise  in  principle 
puts  less  stringent  specifications  for  the 
multipliers,  more  difficult  efficiency  pro 
blems  are  to  be  faced  and  a  multiplier 
stage  not  carefully  studied  and  assembled 
can  deteriorate  the  spectral  purity  of  the 
synthesized  signal. 

The  new  multipliers  in  VH? 


the  circuit  in  a  bandwidth  of  1  Hz. 

Following  the  above  mentioned  princi¬ 
ples,  a  multiplier  from  25  MHz  to  125  ” Hz 
was  built  and  the  electrical  circuit  is  re 
ported  in  fig.  2.  The  input  signal  (V^ 

2.8  V  on  50  0)  after  a  linear  amplification 
of  7  dB  in  T-j  enters  a  differential  stage. 
Here  two  Schottky  diodes  D-j  and  D2  sauare 
the  sinusoidal  signal  while  the  two  tran¬ 
sistors  T^  and  work  in  their  linear  re¬ 
gion  in  order  to  avoid  saturation  storage 
responsible  for  amplitude  to  phase  conver¬ 
sion.  Introducing  the  AM— PId  conversion  fac 
tor  50,  defined  as  the  output  phase  varia¬ 
tion  per  1  dB  of  input  variation  divided 
by  the  multiplication  order,  it  was  shown 
in  [7]  that  the  inequality  K’^6°/dB  must 
hold  in  order  to  avoid  significant  noise 
contribution  due  to  AM-PM  conversion. 


In  a  class  C  transistor  multiplier 
with  an  input  voltage  v^(t)  =  VpCosu^  and 
an  equivalent  temperature  noise  Te,  the 
phase  noise  may  be  written  as: 
f(Te) 


f(Te) 


dvi(t) 


2 


V2sin20/2 

X) 


d(oJ-jt ) 

being  the  conduction  angle. 


In  order  to  keep  S/tf  low  it  is  advisable 
to  use  low  noise  components  and  high  Vp.  A 
compromise  can  be  reached  between  the  ad¬ 
vantage  of  high  and  the  correspondingly 
increasing  shot  noise,  but  the  values  ob¬ 
tained  for  S^,  are  not  sufficient  for  our 
purposes,  as  one  can  see  in  fig.  1.  A  lim¬ 
iting  amplifier  can  afford  a  higher  slope 
I  dv . ( t ) 

l 

j  dCo^t) 


than  a  class  C  amplifier  with  a  comparable 
contribution  to  Sjzf  from  Te,  so  it  seems  to 
be  a  good  choice.  However  in  this  case  am¬ 
plification  takes  place  at  Vx  on  higher 
power  level  signals  and  the  maximum  allow¬ 
able  currents  in  the  circuit  may  riduce  the 
obtainable  output  power  with  respect  to  a 
class  C  multiplier;  the  power  level  of  the 
n’*'*1  harmonic  PCn^)  must  be  sufficiently 
high  over  the  thermal  noise  level  and  hence 
the  following  inequality  [6]  must  hold: 


P(nVi)» 


SKTe _ 

.VNi) 


where  KTe  is  the  available  noise  power  of 


liultiplier  chain  up  to  X  band 

The  block  di---gr  .  of  the  chain  from 
5  MHz  to  the  X  band  is  shown  in  fig.  3a. 
Two  multipliers  of  the  type  described  in 
the  previous  section  transfer  the  quartz 
signal  to  125  MHz.  A-],  A2  and  A->  are  iso¬ 
lator  amplifiers  using  cascode  transistor 
stages  and  ?1  is  a  quartz  filter  for  limit 
ing  the  noise  bandwidth  [4].  A  quadrupler 
with  overlay  transistors  followed  by  an 
interdigital  filter  Fq  feeds  a  step-recov 
ery  diode.  A  cavity  ?3  selects  the  wanted 
line  of  the  comb  with  spacing  0.5  GHz. 

Noise  measurements  at  125  MHz 


The  experimental  points  of  Sgf(f ) ,  ob¬ 
tained  at  125  MHz  (point  M  in  fig.  3a)  and 
reported  to  the  input  frequency  5  MHz,  are 
shown  in  fig.  4  where  they  may  be  compared 
with  those  measured  when  the  25-125  MHz 
multiplier  is  replaced  with  a  step-recovery 
stage.  The  white  phase  noise  is  cut  at 
f  =  1 2  kHz  by  ?1 .  According  to  the  analysis 
reported  in  [2],  a  collapse  frequency  of 
30  THz  is  expected  as  a  consequence  of  the 
phase  noise  measured  at  125  MHz.  The  output 
phase  variations  as  a  function  of  the  input 
power  for  both  the  differential  x5  multi¬ 
plier  and  a  step-recovery  stage  are  shown 
in  fig.  5.  The  differential  stage  with  clijo 
ping  diodes  has  a  smaller  AM-PJ.I  conversion 
factor  and  the  input  power  required  for  the 
operation  with  K’<aJO,  does  not  require 
further  amplification. 
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Millimetric  and  submillimetric  section 

A  harmonic  mixer  M-j,  fed  by  the  X  band 
output,  is  used  for  phase-locking  an  E  band 
millimetric  klystron.  In  fig.  6  the  beat 
note  between  the  klystron  at  69.2  GHz  and 
the  6th  harmonics  of  the  X  band  output  at 
11.5  GHz  is  drawn  (closed  loop,  point  A  in 
fig.  3b) .  The  klystron  feeds  a  submillimet¬ 
ric  harmonic  mixer  M2  equipped  with  a  Schot 
tky  barrier  diode.  Fig.  7  is  a  sketch  from 
a  photograph  showing  the  beat  note  (point 
B  in  fig.  3b)  between  the  klystron's  11th 
harmonic  and  the  761  GHz  radiation  from  a 
HCOOH  laser  optically  pumped  by  9R(l8)  line 
of  a  C02  laser.  The  experimental  result  is 
S/N/* 32  dB  (Spectrum  Analyzer  IP  bandwidth 
10  kHz)  with  a  white  phase  noise  bandwidth 
2B  =  200  kHz  whereas  theoretically  it  should 
be  S/N/s«r36  dB  and  2B  =  25  kHz.  For  the 
HCOOH  radiation  at  403  GHz  pumped  by  CO2 
9R(40),S/N^  =  37  dB  with  the  same  IP  band¬ 
width  was  observed. 

Comparing  the  experimental  data  with 
previous  results  [3]  an  increment  of  15B 
in  S/N#  is  observed.  Prom  the  measurements 
taken  at  125  MHz  one  can  infer  -that  the 
stages  above  this  frequency  are  responsible 
for  a  residual  degradation  of  4  dB  in  S/N/ 
and  a  broadening  of  the  phase  noise  pedes 
tal  limited  to  200  kHz  by  the  klystron 
phase-lock. 

In  fig.  8  the  improvements  obtained  at 
IEN  in  the  past  few  years  are  pointed  out. 
The  last  step  shows  a  15  dB  improvement  in 
S/N/zf  for  any  frequency  up  to  12  THz.  Fre¬ 
quency  measurements  with  coherent  signals 
are  now  possible  up  to  20  THz. 

Pinal  remarks 

An  increment  of  4  dB  in  S/N^  is  still 
possible,  as  well  as  a  reduction  of  the 
noise  pedestal  width  to  25  kHz  rising  in 
this  way  to  about  30  THz  the  carrier  col¬ 
lapse  frequency  of  the  chain.  If  one  should 
want  to  reach  this  goal  the  UHF  section  of 
the  chain,  the  SRD  stage  and  the  klystron 
phase-lock  would  have  to  be  reconsidered. 

In  this  case  it  would  be  also  advisable  to 
resort  t'o  an  E  band  impatt  oscillator  and 
repackage  the  whole  synthesizer  in  a  single 
three  unit  rack.  In  any  case  the  visible  re¬ 
gion  does  not  .appear  to  be  reachable  with 
the  source  used  here. 
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Figure  captions 

Pig.  1  -  Phase  noise  power  spectral  densi¬ 
ties  reported  at  5, MHz  for  the  de 
vices  discussed  in  the  text. 

Pig.  2  -  Electrical  circuit  of  the  25—125 
MHz  multiplier. 

Pig.  3  -  Block  diagram  of  the  chain  a)  sec 
tion  from  5  MHz  to  X  band;  c)  sec 
tion  from  X  band  to  FIR. 

Pig.  4  -  Measurements  of  phase  noise  power 
spectral  densities  reported  to 
5  MHz  for  two  25-125  MHz  multi¬ 
pliers  compared  to  the  character¬ 
istic  of  the  quartz  oscillator 
used. 

SRD,  Step  recovery  diode  mul+-  plier; 
Diff.,  Differential  pair  mu+'  plier. 
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'ig.  5 

Jig.  6 

-  Work 


-  Output  phase  deviation  versus  in-  Pig. 
put  power  for  the  two  considered 
multipliers. 

-  Closed  loop  IP  signal  of  the  E  Pig. 

band  klystron.  Spectrum  analyzer 

IF  bandwidth:  1  kHz. 


7  -  Beatnote  between  the  761  GHz  line 

of  HCOOH  and  the  chain.  Spectrum 
analyzer  IP  bandwidth:  10  kHz. 

8  -  Summary  of  the  recent  improvements 

in  the  FIR  synthesis  program  at 
IEN. 
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Abstract 

Frequency  and  phase  modulation  of 
laser  sources  in  the  Far  Infra  Red  region 
has  been  recently  given  increasing  atten¬ 
tion  as  its  potential  scientific  and  tech¬ 
nological  applications  m  frequency  metro¬ 
logy  and  communications  have  been  recogni¬ 
zed. 

Different  modulation  methods  can  be 
used;  the  characteristics  of  some  of  them 
are  here  described  and  the  results  obtained 
by  beating  the  modulated  signal  rith  a  syn 
thesized  spectrally  pure  reference  are 
given. 

Movements  of  mechanical  parts  driven 
by  PZT  give  high  depth  of  ?M  modulation 
with  bandwidths  up  to  about  10  kHz  and  low 
AT.,  while  Stark  effect  on  the  lasing  medium 
gives  a  wider  bandwidth,  limited  by  the 
laser  cavity  selectivity,  but  more  evident 
and  undesired  AM  at  high  modulation  depth. 

Other  methods  can  derive  from  exten¬ 
sion  to  the  FIR  region  of  techniques  com¬ 
monly  used  in  different  frequency  ranges, 
like  modulation  of  the  refraction  index,  as 
is  done  at  optical  wavelengths,  and  coupling 
of  a  variable  reactance  to  the  cavity,  as 
is  done  in  the  mw  region. 

Results  obtained  with  both  these  lat¬ 
ter  methods  are  here  described  which  show 
the  possibility  of  obtaining  characteris¬ 
tics  comparable  or  better  than  the  first  two. 


Introduction 

Frequency  tuning  and  modulation  of 
sources  and  signals  in  any  range  is  always 
an  important  task  since  it  increases  the 
versatility  of  the  oscillator,  allows  its 
stabilization  and  makes  it  possible  to 
build  communication  channels. 

Main  characteristics  of  any  particular 
technique  are  tuning  range  and  linearity  on 


one  side,  and  modulation  depth  and  bandwidth 
on  the  other.  Also  important  is  the  degree 
of  immunity  from  spurious  variations  of  par 
ameters  other  than  the  desired  one  (e.g. 
power  variations  with  frequency  modulation) . 
Handling  of  sources  and  signal  processing 
have  been  for  long  time  widely  developed 
for  various  applications  at  frequencies  up 
to  the  microwave  region,  and  in  the  last 
decade  a  variety  of  studies  and  technical 
realizations  have  been  made  in  this  direc¬ 
tion  on  optical  and  infra-red  lasers  and 
coherent  signals. 

In  the  far-infra-red  region  instead  a 
large  number  of  coherent  sources  have  been 
only  recently  made  available  [l]  with  op¬ 
tically  pumped  lasers  working  on  vibro-rota 
tional  levels  of  simple  organic  molecules, 
and  tuning/moduiation  techniques  for  this 
kind  of  oscillator  have  not  yet  been  thor¬ 
oughly  studied.  In  this  paper  are  presented 
some  results  on  this  latter  subject  obtained 
with  an  open  resonator  optically  pumped 
laser  using  different  techniques,  and  their 
characteristics  and  potentialities  are  com 
pared. 

General  considerations 

The  output  frequency  V  of  an  oscilla¬ 
tor  can  be  calculated  with  the  equation 

y-v0)  =  (vc-y)  ^  (1) 

where  p0,  Q0  andv*c,  Qc  are  center  frequen 
cies  and  quality  factors  of  the  oscillator 
gain  profile  (if  any)  and  electromagnetic 
resonant  structure  (e.g.  cavity),  respec- 
tively.  .  . 

Frequency  tuning  and  modulation  of 

(*)  The  terms  tuning  and  modulation  refer 
here  to  the  same  phenomenon  and  differ  only 
by  the  range  of  Fourier  frequencies  they 
are  used  to  select;  in  fact  we  speak  about 
tuning  when  slow  modulation  is  used.  In  the 
following  we  will  use  only  the  term  module 
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the  source  can  then  be  obtained  through  va¬ 
riations  of  either  yJQ,  Q0  oryc,  Qc  depend¬ 
ing  on  what  is  more  convenient.  When  Q0»QC, 
like  in  microwave  masers  (e.g.  H,  Rb  masers), 
the  output  frequency  depends  much  more  stron 
gly  on  gain  profile  tuning  (C-field  adjust¬ 
ment)  than  on  electromagnetic  resonance 
changes;  on  the  other  side  when  QC»Q0,  like 
in  optical  lasers,  the  frequency  is  deter¬ 
mined  by  the  cavity  resonance  and  follows 
most  readily  any  change  in  the  electromag¬ 
netic  configuration  of  the  oscillator. 

In  the  FIR  region  the  same  order  of 
magnitude  is  usually  obtained  for  the  two 
quality  factors  (Q<*  2+5x1 0^;  Qc« 0. 5+3x1 0^) 
and  as  a  consequence  modulation  of  a  PIR 
laser  can  be  done  either  way  with  comparable 
efficiency.  When  a  control  parameter  p  is 
chosen  the  variation  Sv  in  output  frequency 
can  be  expressed  as  follows: 

r  pV  d>,c  dv  d<3c  dPo  eh'  dV  r  .  » 


Linearity,  tuning  range  and  modulation  depth 
are  taken  into  account  by  G;  bandwidth  and 
phase  shift  with  Fourier  frequency  are  de¬ 
scribed  by  H. 

In  our  experiments  different  parameters 
of  an  optically  pumped  PIR  laser  were  modu 
lated  and  the  resulting  output  frequency  va 
riations  were  measured  by  analyzing  the 
beatnote  between  the  laser  emission  and  a 
reference  signal.  The  latter  is  directly 
synthesized  from  a  5  MHz  crystal  source  and 
guarantees  a  resolution  of  a  few  Hz  in  the 
spectral  analysis  [2].  The  measurement  sen 
sitivity  limit  was  set  by  the  jitter  of  the 
FIR  laser  whose  peak  to  peak  fractional  fr£ 
quency  fluctuation  was  about  10  . 

Some  theoretical  considerations  follow 
about  each  method  analyzed. 

Modulating  the  gain  profile 
1 )  Stark  effect 


where 

(3a) 

^.|p2(0o/qo) 

(3b) 

f*  =  F  (,<:/Q°) 

(3c) 

2£.-Ap2Mo/Qc) 

(3d) 

with  , 

/j  =  >>c  -VQ  and  F(x)  =  l/(l+x). 


Each  one  of  the  total  derivatives  with 
respect  to  p  can  be  conveniently  separated 
into  a  DC  amplitude  component  (d/dp)0  and 
a  normalized  transfer  function  H(f)  in  the 
Fourier  frequency  domain. 

The  fractional  frequency  deviation  in 
duced  by  p  through  the  quantity  & 

Q0,  l?c»  Qc)  can  'then  be  wri'tten  as 

<«> 

where 

•>»>-$<$.  <» 

(*)  tion:  tuning  range  will  be  treated  to¬ 
gether  witn  modulation  depth  and  described  ty 
figures  of  fractional  frequency  deviation. 


Stark  effect  in  the  active  medium  can 
produce  variations  of  line  quality  factor 
Q0  (low  electric  field)  or  gain  profile 
center  frequency (fields  high  enough  to 
resolve  the  different  pressure  broadened 
Stark  sublevels),  causing  displacements  in 
the  PIR  laser  output  frequency  according 
to  (2)  where  (3c)  and  (3d)  are  in  this  case 
the  important  terms  [3]. 

In  the  first  case  (3d)  must  be  used 
for  the  modulation  and  the  cavity  must  be 
detuned  from  line  center  with  the  conse¬ 
quence  of  a  frequency  displacement  accord¬ 
ing  to  (3a).  For  a  given  A  maximum  PM  is 
obtained  if  Qc  =  Qc>;  a  decrease  in  output 
power  and  high  AM  must  be  accepted  in  this 
situation.  While  this  method  is  not  conve¬ 
nient  to  modulate  a  laser,  it  can  be  of 
some  help  in  studying  the  structure  of  mol 
ecules  which  do  not  show  first  order  Stark 
effect. 

In  the  second  case  when  Stark  sublev¬ 
els  are  resolved  the  cavity  should  be  tuned 
to  the  chosen  one  of  them  and  (3c)  gives 
then  the  pulling  factor.  A  decrease  in  out 
put  power  must  be  still  faced  in  this  situ 
ation,  but  low  AM  is  obtained  for  a  modula 
tion  depth  much  smaller  than  the  line  or 
the  cavity  half width  [4],  Frequency  tuning 
up  to  170  MHz  [5]  and  modulation  indexes 
greater  than  1  have  been  demonstrated  [4] 
by  this  technique  with  molecules  and  tran- 


sitions  highly  sensitive  to  the  electric 
field.  Simple  theoretical  calculations  can 
be  performed  for  symmetric  top  molecules  to 
determine  analytically  the  frequency  devia 
tion  due  to  the  electric  field  [6].  Non-sym 
metric  tops  must  be  analyzed  one  by  one  and 
formulas  have  been  calculated  in  some  cases 
[7],  The  modulation  bandwidth  appears  to  be 
limited  by  the  line  or  cavity  quality  fac¬ 
tor. 

2)  Pump  frequency  variation 

Steering  of  the  optically  pumped  FIR 
laser  output  frequency  can  be  obtained  by 
pump  frequency  variation  within  the  Doppler 
broadened  profile  of  the  absorption  line. 

The  pulling  factor  (3c)  multiplied  by  the 
FIR  to  pump  frequency  ratio  gives  directly 
&/&  pump.  In  special  cases,  when  a  good 
coincidence  of  the  pump  with  the  absorp¬ 
tion  line  of  the  molecule  is  found,  a  tun¬ 
ing  range  of  a  few  hundred  kHz  is  achiev¬ 
able,  corresponding  to  a  pump  variation  of 
the  order  of  10  MHz.  Otherwise  the  AM  turns 
out  to  be  severe,  the  tuning  range  small, 

1  and  no  serious  use  can  be  done  of  this  ap¬ 
proach.  If  the  pump  frequency  is  steered  by 
a  PZT  ceramic,  resonance  problems  arise  and 
one  should  limit  oneself  to  narrow  band  m£ 
dulation  and  tuning  applications. 

Modulating  the  cavity 

A  shift  in  the  cavity  resonance  yc  pro 
duces  an  output  frequency  shift  according 
to  (3a).  Virtually  no  AM  is  obtained  in 
this  case  until  the  modulation  depth  becomes 
comparable  to  the  linewidth  of  the  gain  pro 
file.  In  order  to  increase  the  pulling  fac¬ 
tor,  Qc  must  be  kept  high  when  acting  on  the 
cavity  to  steer  the  laser.  Care  must  be  put 
in  obtaining  a  low  loss  mode  and  external 
couplings  must  be  studied  and  optimized. 

1)  Mechanical  tuning 

Movements  of  mechanical  parts  electro- 
magnetically  coupled  to  the  FIR  cavity  pro¬ 
duce  shifts  in  its  resonance.  In  fact  a  me¬ 
chanical  movement  can  change  the  equivalent 
optical  length  Lrir  of  the  cavity  by  (5" IpjR 
causing  a  fractional  change  in  its  frequen¬ 
cy  of  Svc M  =  -<5>fir/lfir*  rIf  a  mirrror  is 
axially  moved  by  Jl  we  have  olpiR  =  c/1.  r 
Manual,  motor  driven,  PZT  or  otherwise  driv 
en  movements  can  all  give  good  tuning  range, 
but  wide  modulation  band  appears  difficult 
to  obtain. 


2)  Refraction  index  modulation 

Another  way  of  changing  the  optical 
length  of  the  cavity  is  to  change  the  re¬ 
fraction  index  in  part  or  all  of  its  length. 
This  is  done  in  the  visible  by  electric 
field  sensitive  crystals  (Kerr  cells)  or 
by  current  modulation  of  the  electron  den¬ 
sity  in  discharge  pumped  lasers.  No  electro 
optical  material  being  available  in  the  FIR 
as  yet  and  discharge  being  absent  in  optical 
ly  pumped  lasers,  this  technique  appears 
not  accessible  unless  a  plasma  is  produced 
within  the  cavity.  Whether  or  not  this  may 
spoil  the  stability  of  the  laser,  which  is 
believed  to  be  an  advantage  of  these  lasers 
due  to  optical  pumping,  must  be  verified. 

In  fact  an  advantage  can  be  seen  here  with 
respect  to  discharge  pumped  lasers  in  the 
fact  that  the  power  output  is  not  directly 
dependent  in  this  case  on  plasma  excitation. 
A  proposed  scheme  is  to  produce  a  cold 
plasma  in  a  cell  containing  a  few  Torr  of 
some  gas,  for  example  neon  or  N2,  at  the 
far  end  of  the  FIR  cavity.  This  would  allow 
sufficient  optical  pumping  by  the  radiation 
coming  in  from  the  near  end.  The  window 
should  be  made  of  a  material  with  low  loss 
for  the  FIR  radiation  and  able  to  withstand 
or  reflect  the  incoming  pump  power.  A  glow 
disci  irge  could  be  set  in  the  cell  by  dc  or 
rf  excitation  and  modulated  in  intensity 
(electron  density)  by  acting  on  the  excita¬ 
tion  power. 


The  refraction  index  n  in  the  plasma 
region  is  given  by 

^  N  e2 


n  =  1  - 


N 


9  0=1  -80.5  -  „ 

4Ttm«„V2  V2 


(6) 


where  N,  e  and  m  are  the  electron  density, 
charge  and  mass,  and  £0  is  the  permittivity 
of  vacuum.  Electron  densities  of  10l°/cm8 
can  be  expected  for  a  glow  discharge  in  a 
low  pressure  gas  [8],  Once  the  glow  dis¬ 
charge  is  established  for  a  length  Lp  with¬ 
in  the  cavity,  and  the  resonator  is  tuned 
to  the  shifted  frequency,  the  fractional 
frequency  deviation  of  the  cavity  is 


L 


L 


(7) 


The  modulation  bandwidth  is  limited  by  the 
free  electrons  mean  life  and  increases  with 
the  gas  pressure  in  the  plasma  cell;  for  a 
pressure  of  20  Torr  it  is  about  15  kHz  [8]. 

3)  Electrically  variable  reactance 

As  an  extension  of  a  technique  common 
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in  the  microwave  region,  convenient  coupling 
of  a  lumped  electrically  variable  reactance 
to  the  FIR  laser  cavity  can  provide  another 
means  to  modulate  the  resonance  frequency 
and  hence  the  laser  output  frequency  [9]. 

In  this  attempt  Schottky  barrier  diodes 
with  cutoff  frequency  above  1  THz  can  be 
reverse  biased  and  used  as  a  variable  ca¬ 
pacitance  C.  When  the  diode  is  coupled  to 
the  cavity  it  modifies  its  resonance  fre¬ 
quency  by: 


S-V  c 
Vc 


(Pc>C)  H(f ) 


Is. 

c 


(8) 


=  (yc,c)H(f)  (i-i/Vi-vdAbi) 


where  Vd  and  V-^  are  the  voltage  across  the 
diode  and  the  barrier  built  in  potential, 
while  Gqc  is  a  factor  which  takes  into  ac¬ 
count  the  overall  coupling  between  junction 
and  resonator;  a  dependence  on  is  expli¬ 
citly  shown  in  it  to  remind  that  coupling 
problems  must  be  solved  differently  accord 
ing  to  the  operation  frequency.  In  fact  the 
coupling  may  be  quite  straightforward  up  to 
about  300  GHz  where  fundamental  mode  wave¬ 
guides  are  still  available,  but  become  pro 
blematic  for  higher  frequencies  where  an¬ 
tenna  lobe  matching  is  necessary.  An  array 
of  diodes  would  be  required  in  this  case 
to  guarantee  sufficient  coupling.  For  a 
reasonable  modulation  depth  high  Qc  and 
good  coupling  between  the  junction  and  the 
mode  oscillating  in  the  resonator  must  be 
contemporarily  attained.  Wide  bandwidth, 
limited  only  by  line  or  cavity  quality  fac 
tors,  is  inherent  to  this  technique  as  well 
as  low  values  of  the  control  parameters 
(voltage  across  the  junction). 


Experimental  results 

Experiments  were  carried  out  with  an 
open  resonator  optically  pumped  FIR  laser 
using  the  techniques  described  above  on 
several  lines  of  the  formic  acid  (HCOOH) 
from  400  GHz  to  800  GHz. 

The  resonator  structure  was  a  subcon- 
focal  piano-spherical  one  70  cm  long  with 
gold  plated  mirrors  9  cm  in  diameter.  Mir¬ 
rors  with  different  diameter  coupling  holes 
could  be  used  at  both  ends  and  suitable 
structures  could  be  matched  to  them  or  ad¬ 
ded  to  the  cavity  to  adapt  the  resonator 
for  the  different  techniques. 

The  various  set-ups  used  are  described 
in  the  following  together  with  the  results 
obtained. 

a)  The  characteristics  of  Stark  modulation 
for  FIR  lasers  using  symmetric  or  quasi- 
symmetric  top  molecules  are  described  in 
the  literature  [4,5,7].  Here  some  re¬ 
sults  of  Stark  modulation  of  a  formic 
acid  laser  are  reported.  Although  the 
observed  lines  of  this  molecule  are  known 
not  to  show  first  order  Stark  effect, 

Stark  modulation  experiments  were  done 
on  them  both  to  evaluate  the  versatility 
of  our  apparatus  without  changing  mole¬ 
cule  and  synthesized  frequency,  and  to  ob 
tain  some  data  useful  to  characterize  the 
molecule.  Two  A1  rectangular  plates  kept 
parallel  to  each  other,  4.4  cm  apart,  by 
two  15  mm  thick  plexiglass  sheets  pro¬ 
vided  a  very  overmoded  hybrid  waveguide 
between  the  two  cavity  mirrors.  Measur£ 
ments  were  taken  on  different  lines  of 
HCOOH;  the  output  power  was  between  -10  dBm 
and  +10  dBm  in  all  cases  and  Qc  of  the 


Line 

Experimental  conditions 

# 

pol. 

*# 

measured 

inferred 

pump  VpIR(GHz) 

9R(40)  403.7 

9R(20)  692.9 

9R(18)  761.6 

F(Q0/QC)  '  4 (MHz)  ^(«z) 
0.1  12  -5.2 

.0.2  7.5  -3 

0,1  14  -3.4 

j  f 

1  f 

1  f 

S  V  (kHz) 

<10 
<  10 

<  30 

<  30 

40 

80 

-Sq0 

2  x103 
2x103 

1  x  104 

1  xIO^ 

1.1  x 10^ 
2.3  x104 

*  //—*  EStark//EFIR  >  ~L  — *■  EStark  _L  eftr 
*#  The  values  reported  refer  to  E  =  100  V/cm 


TAB.  I 


order  of  2x104  +  1x1C>5  were  obtained  for 
the  used  oscillation  modes.  The  results 
obtained  for  3q0,  relative  to  a  oV  meas¬ 
ured  at  E  =  100  V/cm,  are  reported  in 
table  I. 

b)  The  modulation  with  the  pump  frequency 
was  tried  with  the  403.7  GHz  and  the 
761.6  GHz  line. A  PZT  ceramic  was  used  to 
move  the  pump  frequency  and  a  fractional 
deviation  of  it  as  high  as  5.5  x 10“ 
could  be  obtained  in  this  way. 

With  Qc  =  2.3x104  and  Qo  =  2x105  (P(QC/ 
Q0)  =  0.9)  a  maximum  deviation  of 
5x10~9/v  was  measured  as  expected  from 
the  PZT  sensitivity.  The  timing  range 
was  +  50  kHz  and  the  modulation  band¬ 
width  was  obviously  limited  by  the  ce¬ 
ramic  characteristics. 

For  the  761  GHz  line  a  smaller  value  was 
obtained  {Sv/p  ^4x1 0~9/v )  >  'this  can  be 
probably  explained  by  the  fact  that  in 
this  case  the  pump  is  more  out  of  reso¬ 
nance  with  the  absorption  line  than  in 
the  other  case. 


c)  PZT  driven  modulation  of  the  cavity 
length  was  done-  at  761.6  GHz  by  moving 
the  whole  plane  mirror  or  a  short  cou¬ 
pled  to  the  resonator  through  a  hole  in 
the  mirror.  In  the  first  case  a  modula¬ 
tion  depth  was  obtained  of  240  kHz  pp 
with  213  Vpp  on  the  ceramic,  which  cor¬ 
responds  to  a  fractional  variation  of 
3x10-7.  Being  S  l/L  =  9x10“7  we  have 
F(Qo/Qc)  =  0«3  as  expected  from  the 
measured  values  Qo«^4x105,  Qc£?2x1CP. 
In  the  second  case  with  a  similar  set-up 
only  20  kHz  were  measured. 


d)  For  a  fast  check  of  the  possibilities 
connected  with  plasma  refraction  index 
modulation  a  low  partial  pressure 
(«50  mTorr)  of'  some  gas  with  low  break¬ 
down  voltage  was  added  within  the  cavity 
and  a  dc  glow  discharge  was  excited  at 
90  +  100  V/un  between  the  two  4.4  cm  dis 
tant  Stark  plates.  An  electronic  concen 
tration  N  of  the  order  of  10'0/cnr  was 
produced  in  this  way  and  a  laser  output 
frequency  shift  of  200  kHz  was  measured. 
This  corresponds  to  a  cavity  resonance 
shift  of  1.8  MHz  (Q0*»4x1<P;  Qcss5x104; 
F(Q0/QC)  =  0.11)  and  hence  to  an  elec¬ 
tronic  concentration  of  3.4x10^/°^* 
With  the  cavity  retuned  to  the  new  fre¬ 
quency  an  overimposed  signal  of  40  Vpp 
(field  of  c;  10  Vp|/cm)  yielded  a  peak 
to  peak  modulation  depth  of  200  kHz. 
Modulation  bandwidth  as  low  as  2  kHz  was 


obtained  at  the  used  pressure  due  to  the 
time  constant  of  afterglow  quenching  [8], 
Since  higher  pressure  operation  is  not 
allowed  with  this  set-up  by  lasing  con¬ 
ditions,  a  separate  cell  containing  high 
er  pressure  plasma  should  be  inserted  in 
the  cavity  in  order  to  obtain  a  wider 
modulation  bandwidth. 


e)  Measurements  were  taken  of  resonators* 
frequency  modulation  by  an  externally 
coupled  varactor  mode  biased  Schottky 
barrier  diode  at  100  GHz  and  403  GHz  [9]. 
In  the  first  case  a  klystron  was  locked 
to  the  cavity  by  self-injection  (QC»Q0) 
and  a  frequency  deviation  of  3x10-7  was 
measured  for  5  V  variation  of  the  diode 
voltage.  In  the  second  case  the  set-up 
described  in  fig.  1  was  used  and  the 
laser  line  of  HCOOH  was  cavity  pulled  by 
P(Q0/Qc)  =  6x10~2  ?  a  maximum  cavity 
resonance  deviation  of  1,5x10"®  was  ob¬ 
served  for  a  variation  of  5  V  across  the 
diode,  Fig.  2.  Better  pulling  factors 
can  be  easily  obtained  by  selecting  reso 
nator  modes  with  higher  Qc,  but  coupling 
between  the  diode  and  the  selected  mode 
would  require  a  closer  analysis  and  a 
careful  design.  An  increase  of  a  factor 
of  10  in  the  pulling  factor  as  well  as 
in  the  matching  of  the  diode  should  be 
obtainable  and  would  provide  a  modula¬ 
tion  depth  of  few  tens  of  kHz.  The  band 
width  of  this  technique  is  limited  by 
line  and/or  cavity  quality  factors  in 
this  utilization,  while  much  higher  band 
width  should  be  obtainable  in  phase  modu 
lation  of  a  travelling  wave. 


Conclusions 

In  this  paper  a  review  was  made  of  the 
possible  techniques  that  one  can  use  to 
tune  and  frequency  modulate  an  optically 
pumped  FIR  laser,  and  shortcomings  or  advan¬ 
tages  of  each  one  of  several  different  ap¬ 
proaches  were  underlined.  Some  experimental 
results  were  also  reported,  obtained  on  a 
versatile  structure  by  modulating  different 
parameters  and  analyzing  the  laser  output 
frequency  variations  thereby  induced  by 
means  of  a  FIR  synthesizer.  The  problem  of 
frequency  modulation  of  these  lasers  appears 
far  from  being  solved.  In  fact  Stark  modu¬ 
lation  gives  wide  band  and  convenient  modu 
lation  depth,  but  is  not  usable  for  all 
molecules  and  all  lines,  while  a  variable 
reactance,  or  a  variable  electron  density 
plasma,  coupled  to  the  resonator  work  in 
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all  cases  but  have  their  own  defects  because 
of  coupling  or  bandwidth  problems. 
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Fig.  1  -  Experimental  set-up  for  measurements  of  frequency  modulation  with  a  variable 
reactance.  T^  =  linear  translator,  T2  =  sliding  short. 
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Summary 


The  frequency  stability  of  the  hydrogen  maser 
is  limited  by  thermal  noise  within  the  atomic  line- 
width  and  by  additive  noise  at  the  receiver.  By 
lowering  the  maser's  temperature  its  stability  can 
be  improved  both  through  reduced  thermal  noise  and 
more  favorable  kinetic  effects  in  the  storage  proc¬ 
ess.  Predicted  values  of  the  fractional  frequency 
stability  are  in  the  range  of  10“*7  to  10“*8  for 
averaging  intervals  of  10^  to  10^  seconds. 

We  have  measured  the  wall  shift  and  atomic 
line  Q  of  an  oscillating  maser  at  temperatures  of 
77K  to  25K.  Below  50K  this  was  accomplished  by 
coating  the  storage  bulb  with  tetrafluoromethane 
(CF4)  applied  through  the  dissociator.  We  present 
the  results  of  these  experiments  and  discuss  direc¬ 
tions  for  future  research. 


Introduction 


The  invention  of  the  hydrogen  maser  in  1960 
opened  new  possibilities  for  atomic  frequency  stan¬ 
dards  of  extremely  high  stability.  The  maser's 
long  atom  storage  time  provides  a  very  narrow 
resonance  linewidth,  and  because  of  its  active 
self-oscillation  eliminates  the  need  for  an  elec¬ 
tronic  servo  to  generate  a  stable  reference  signal. 
The  output  signal  must  be  transformed  to  a  useful 
frequency  at  a  suitable  power  level,  usually  by 
means  of  a  phase-coherent  receiver.  Such  a  receiv¬ 
er  perturbs  the  maser  signal  with  additive  white 
phase  noise  whose  bandwidth  is  determined  by  the 
characteristics  of  the  phaselock  system.  The  re¬ 
sulting  stability,  when  characterized  by  the  two- 
sample  (or  Allan)  variance  a(x),  varies  as  x"*, 
where  x  is  the  averaging  interval  over  which  fre¬ 
quency  measurements  are  made.  The  proportionality 
factor  depends  on  the  noise  bandwidth  and  the 
noise  figure  of  the  receiver  and  on  the  maser's 
output  power  level. 

A  second,  and  in  a  sense  more  fundamental, 
source  of  maser  instability  arises  from  thermal 
noise  lying  within  the  linewidth  of  the  quantum 
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mechanical  oscillator  itself.  This  nowise  results 
in  an  Allan  variance  proportional  to  x"*.  For  many 
years  observed  maser  stability  data  have  been  dom¬ 
inated  by  the  x_1  behavior  for  averaging  intervals 
between  one  and  100  seconds.  In  1977  SAO’s  VLG-11 
series  hydrogen  masers  achieved  stability  such 
that  the  underlying  t~%  stability  behavior  was 
observed*.  The  measured  Allan  variance  of  these 
masers  closely  follows  the  predicted  limitation: 
between  100  and  3,600  seconds  the  stability  varies 
as  x~*  and  is  controlled  by  the  oscillator  line- 
width,  oscillator  power  and  temperature,  while 
below  100  seconds  its  behavior  is  determined  by 
the  receiver  noise  figure,  noise  bandwidth,  and 
input  power  level,  and  is  proportional  to  X"1. 


The  realization  of  the  theoretical  frequency 
stability  limits  has  provided  a  strong  motivation 
to  study  these  limits  in  greater  detail  in  terms 
of  the  oscillation  parameters  of  the  maser.  We 
have  reported*  on  the  possible  improvement  in  sta¬ 
bility  that  could  be  achieved  by  operating  the 
quantum  mechanical  interaction  region  of  the  maser 
at  low  temperature.  This  is  a  natural  direction 
to  explore  since  the  chief  limitation  on  instabil¬ 
ity  is  thermal  noise.  In  the  course  of  the  work, 
we  found  that  there  are  several  very  interesting 
characteristics  of  low-temperature  operation, 
which  we  classify  as  follows: 


Advantages  resulting  from  reduced  thermal 
noise.  The  thermal  noise  reduction  at  low  temper¬ 
ature  is  fundamental  to  physics  and  well  under¬ 
stood.  In  the  case  of  a  device  such  as  a  maser, 
whose  signal  level  can  be  raised  only  at  the  ex¬ 
pense  of  broadening  the  atomic  resonance  line- 
widthS,  any  trade-off  ultimately  is  limited  by 
fundamental  noise. 


Advantages  from  the  kinetic  behavior  of  atoms 
at  low  temperatures.  The  storage  process  of  the 
hydrogen  maser  depends  directly  on  the  kinetic 
behavior  of  the  atoms.  Both  the  wall  relaxation 
rate  and  the  bulb  storage  time  depend  on  the  col¬ 
lision  rate  of  atoms  with  the  wall  and,  therefore, 
on  the  atoms'  velocity.  Another  important  kinetic 
effect  is  the  interatomic  spin  exchange  relaxation, 
which  is  the  chief  limitation  to  output  power. 
Under  low  temperature  conditions,  both  the  atom- 
atom  collision  rate  and  the  spin  exchange  cross 
section  itself  diminish  with  velocity.  The  spin 
exchange  reduction  is  a  very  important  feature  for 
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cold  maser  operation. 

Advantages  of  low  temperature  properties  of  mate¬ 
rials.  The  properties  of  materials  at  low  temperature 
are  well  suited  to  their  application  in  masers.  Super¬ 
conducting  magnetic  shields  would  make  possible  almost 
complete  immunity  from  external  magnetic  effects.  One 
could,  by  using  a  superconducting  cavity  coating, 
achieve  nearly  perfect  power  transfer  from  the  atoms 
to  the  receiver  system  by  over-coupling  the  cavity. 
Reducing  the  loaded  Q  by  controlled  overcoupling  would 
reduce  the  pulling  effect.  If  4K  operation  is  assumed, 
the  combination  of  improved  atomic  line  Q  and  reduced 
cavity  Q  reduces  the  pulling  by  a  factor  of  approxi¬ 
mately  2,000.  At  low  temperatures  the  mechanical  and 
thermal  properties  of  materials  are  favorable  and  we 
can  expect  that  improved  thermal  and  mechanical  control 
of  the  dimensions  of  the  cavity  will  result. 


In  our  early  experiments  the  maser  stopped  oscil¬ 
lating  at  approximately  47-50K,  although  we  observed 
the  pulsed  decay  of  the  atoms  in  the  cavity  down  to 
approximately  20K.  These  experiments  yielded  the  fol¬ 
lowing  values  for  p(T),  the  relaxation  probability  per 
wall  collision: 


T  (Kelvins) 
70 

60.5 
52. 0 


P(T) 

5.67  x  10'5 
1.15  x  10-4 
1.96  x  10-4 


The  value  of  p(70)  agrees  well  with  measurements 
made  by  M.  Desaintfuscien,  who  obtained 
p(77)  =  4.8  x  IO-5. 

The  rapid  increase  of  p  with  decreasing  temperature  was 
due,  we  believe,  to  contamination  of  the  Teflon  surface 
with  condensed  volatile  matter. 


During  the  past  year  we  have  conducted  low  tem¬ 
perature  experiments  on  hydrogen  masers.  As  discussed 
below,  we  have  recently  shown  that  a  coating  of  tetra- 
fluoromethane  (CF4)  frozen  to  the  interior  surfaces  of 
the  cavity  permits  a  hydrogen  maser  to  oscillate  at 
temperatures  as  low  as  25K.  This  breakthrough,  which 
even  at  30K  promises  stability  below  lO"1^  most 
encouraging. 

The  Experiment 

Our  experiments  on  cryogenic  maser  operation  have 
been  performed  in  an  aluminum,  liquid-nitrogen-shielded 
dewar  equipped  with  an  internal  vacuum  well  into  which 
is  placed  a  heavy-walled  copper  TEjjj-mode  septum  cav¬ 
ity.  Radiation  shields  within  the  well  help  reduce 
heat  leaks  to  the  cavity.  The  cavity's  temperature  is 
measured  by  a  copper  against  gold-cobalt  thermocouple. 

A  hydrogen  beam  source  is  mounted  on  the  top  of  the 
dewar  and  is  connected  to  a  turbo-molecular  vacuum 
pump.  The  dewar  is  surrounded  by  a  solenoid  that  cre¬ 
ates  a  longitudinal  magnetic  field  at  the  location  of 
the  cavity,  and  sits  in  a  set  of  nested  open-ended 
magnetic  shields  that  excludes  most  of  the  earth's 
field.  The  dewar  and  cavity  are  shown  in  Figure  1. 

Prior  tc  an  experimental  run  the  cavity  is  baked 
in  the  evacuated  well  for  several  days  at  60°C  to 
clean  its  Teflon  surface.  The  dewar  is  then  cooled 
with  liquid  nitrogen  until  the  cavity  reaches  a  tem¬ 
perature  of  77K.  Because  the  connection  between  the 
dewar  and  the  hydrogen  beam  source  is  a  narrow  tube, 
the  system  does  r.ot  have  sufficient  pumping  speed  to 
achieve  maser  oscillation  under  these  conditions.  As 
soon  as  liquid  helium  is  transferred  into  its  reser¬ 
voir,  however,  the  inner  surface  of  the  vacuum  well 
acts  as  a  cryopump,  reducing  the  pressure  and  permit¬ 
ting  oscillation. 

Maser  oscillation  allows  us  to  measure  directly 
both  the  atomic  line  Q  and  the  wall  shift  as  functions 
of  temperature.  As  the  cavity  cools  below  77K  the 
cavity  resonance  frequency  increases  and  pulls  the 
maser  output  frequency,  which  is  measured  by  compari¬ 
son  with  a  room-temperature  maser.  We  periodically 
retune  the  cavity  to  the  hydrogen  hyperfine  frequency 
of  1420.405752MHz,  measuring  both  the  cavity  resonance 
frequency  and  the  output  frequency  before  and  after 
retuning.  These  data  yield  the  line  Q,  from  which  we 
can  calculate  the  probability  of  relaxation  per  wall 
collision.  The  behavior  of  the  output  frequency  at 
the  retuned  cavity  condition  gives  the  change  in  wall 
shift  with  temperature. 


We  later  performed  the  experiment  in  a  different 
way  by  providing  a  means  of  re-coating  the  interior 
of  the  cavity  with  condensed  and  frozen  tetrafluoro- 
methane  gas.  A  ballast  tank  connected  by  a  needle 
valve  to  the  hydrogen  beam  source  allows  a  controllable 
amount  of  the  gas  to  be  sent  through  the  hydrogen 
source  collimator  directly  into  the  storage  volume  of 
the  cavity.  (The  r.f.  dissociator  was  turned  off  and 
the  gas  was  admitted  to  the  source.  The  stopping  disc 
had  been  removed  from  the  state  selecting  magnet  so 
that  the  undeflected  molecules  could  pass  through.) 

We  repeated  the  low-temperature  procedure  and  when  at 
about  50K  the  maser  output  power  and  line  Q  dropped 
significantly,  we  introduced  the  CF4  into  the  cavity. 
The  output  immediately  ro"s  from  -llldbm  to  -103  dbm, 
and  after  a  second  application  of  CF4  the  line  Q  in¬ 
creased  from  1.1  x  10D  to  1.7  x  10^.  These  data  in¬ 
dicate  that  the  relaxation  probability  per  wall  col¬ 
lision  decreased  by  a  factor  of  approximately  2  (from 
2.5  x  10’4  to  1.4  x  10“4)  as  a  result  of  the  second 
CF4  coating.  By  applying  the  CF4  a  third  time  we  were 
able  to  maintain  maser  oscillation  to  25K.  The 
measured  behavior  of  maser  output  power  and  wall  re¬ 
laxation  probability  with  temperature  is  shown  in 
Figure  2. 

Discussion 

Since  these  results  have  only  recently  been  ob¬ 
tained,  and  represent  initial  findings,  many  questions 
concerning  maser  operation  at  low  temperature  remain 
to  be  answered.  Perhaps  the  major  question  concerns 
the  increase  in  wall  relaxation,  and  the  manner  in 
which  maser  oscillation  quenches  as  temperature  de¬ 
creases.  The  most  likely  source  of  relaxation  is 
contamination  of  the  cold  maser  storage  surface  by 
condensation  of  foreign  atoms  or  molecules  that  quench 
the  hydrogen  spins  or  cause  hydrogen  recombination  or 
reaction  with  the  surface.  We  suspect  this  because 
at  30K  the  relaxation  probability  decreased  when  we 
renewed  the  CF4  wall  coating;  this  suggests  that  the 
second  coat  covered  contamination  overlaying  the  first 
coat.  Another  mechanism  that  could  contribute  to  in¬ 
creased  wall  relaxation  is  an  increase  in  the  hydrogen- 
wall  interaction  time  resulting  from  the  decreased 
kinetic  energy  of  the  hydrogen  atoms.  We  plan  to  in¬ 
vestigate  this  by  applying  coatings  of  different  atoms 
and  molecules  to  the  storage  surface.  A  third  relaxa¬ 
tion  mechanism  that  may  be  operating  in  our  present 
apparatus  results  from  the  use  of  a  room  temperature 
dissociator  and  hydrogen  beam.  The  hot  atoms  entering 
the  cavity  may  require  many  bounces  to  come  to  thermal 
equilibrium  with  the  cold  walls,  and  thus  experience  a 
range  of  wall  shifts  that  decorrelate  their  phases. 

We  are  considering  several  methods  of  cooling  the  beam 
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before  it  enters  the  cavity.  One  approach  would  be  to 
direct  the  atons  into  a  cold  antechanber  where  they 
would  come  to  thermal  equilibrium  before  entering  the 
rf  interaction  region.  This  would  work  only  if 
state  selection  is  maintained  during  cooling.  A 
second  option,  which  is  more  attractive,  is  to  precool 
the  beam  before  state  selection.  This  would  allow  the 
use  of  a  shorter  state  selection  magnet,  and  could  be 
done  by  operating  the  hydrogen  dissociator  at  low  tem¬ 
perature4  . 


The  prospects  for  cryogenic  maser  operation  are 
encouraging.  From  calculations  based  on  receiver 
bandwidth  and  noise  temperature  and  on  maser  tempera¬ 
ture,  line  Q  and  power  output,  we  can  predict  the 
maser  stability  at  low  temperatures.  Figure  3  shows 
the  predicted  stability  for  masers  operating  at  about 
30K  and  at  4K.  The  practical  problems  of  cold  maser 
operation  do  not  appear  insuperable.  Temperature  con¬ 
trol,  mechanical. stability  and  magnetic  field  control 
are  readily  handled  with  existing  techniques.  Mag¬ 
netic  shielding,  in  particular,  can  take  advantage  of 
superconducting  materials.  The  chief  difficulty  say 
be  control  of  surface  contamination  within  the  storage 
vessel.  This  may  require  extra  care  in  providing  a 
clean  vacuum  system  and  hydrogen  supply,  and  it  may 
necessitate  frequent  or  constant  renewal  of  the  con¬ 
densed  storage  coating  during  operation.  In  addition, 
a  lower  temperature  limit  to  maser  oscillation  say  i:a 
imposed  by  wall  relaxation  due  to  fundamental  hydrogen- 
surface  interactions.  Ke  plan  to  pursue  these  topics 
further,  and  hope  to  obtain  actual  stability  data 
between  two  hydrogen  masers  operating  at  low  tempera¬ 
tures. 
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Sutaary 

A  calculation  of  the  pover  spectral  density  of 
amplitude  fluctuations  in  masers  is  presented, 
which  gives  results  in  close  agreement  with  others. 
The  maximum  of  this  power  spectral  density,  which 
appears  in  specified  conditions,  for  a  Fourier  fre¬ 
quency  related  to  the  Rabi  frequency  of  atoms  is 
observed  for  the  first  time  both  in  a  hydrogen  and 
a  rubidium  maser. 


The  giveu  model  is  completed  to  include  a  co¬ 
herent  excitation,  as  required  in  passively  opera¬ 
ted  masers.  Two  methods  for  the  interrogation  of 
the  atoms  are  considered.  In  the  first  one,  the 
maximum  of  the  atomic  emission  line  is  probed  and 
in  the  second  one,  the  null  of  the  atomic  disper¬ 
sion  line  is  observed.  The  power  spectral  density 
of  fractional  frequency  fluctuations  of  the  slaved 
frequency  generator  is  calculated  in  both  cases, 
including  the  effect  of  thermal  noise  in  the  micro¬ 
wave  cavity  and  of  noise  added  by  the  microwave 
receiver.  Optimum  operating  conditions  are  speci¬ 
fied.  The  cavity  pulling  factor  is  specified  for  both 
methods  of  interrogation  and  the  effect  of  noise  in 
the  control  of  the  microwave  cavity  resonant  fre¬ 
quency  is  considered.  Finally  a  useful  design  cri¬ 
terion  is  given  for  passively  operated  masers. 


1.  Introduction 


Theory  of  amplitude  and  phase  noise  has  been 
established  soonjijj  Jhe  history  of  ammonia1  and 
hydrogen  masers  ’  and  the  validity  of  results 
has  been  further  extended  to  the  rubidium  maser  5,6. 


Although,  amplitude  noise  in  the  ammonia  maser  used 
as  a  spectrometer  has  been  considered  most  of 


the  interest  in  this  field  has  been  devoted  to  phase 
noise,  in  order  to  specify  the  frequency  stability 
which  can  be  expected  from  masers  operating  as  oscil¬ 
lators.  Frequency  stability  corresponding  to  the 
limit  fixed  by  thermal  noise  in  the  microwave  cavity, 
and  by  noise  added  to  the  maser  signal  in  the  micro- 
wave  receiver  has  been  effectively  observed  for 
measuring  times  t  up  to  4  x  10^  s  . 


In  the  work  reported  here,  we  calculate  the 
power  spectral  density  of  amplitude  noise  in  acti¬ 
vely  operated  hydrogen  and  rubidium  masers,  using  a 
specified  model.  Theoretical  results  are  in  close 
agreement  with  others,  and  are  confirmed  by  experi¬ 


mental  measurements  on  hydrogen  and  rubidium  masers. 
The  validity  of  theoretical  analysis  being  thus 
established,  amplitude  noise  in  passively  operated 
masers  is  considered.  Indeed,  contrary  to  the  case 
of  an  oscillating  maser,  the  frequency  stability  of 
a  frequency  generator,  which  is  frequency  locked  to 
a  passively  operated  maser  is  mainly  determined  by 
amplitude  noise.  Two  different  methods  for  the  de¬ 
rivation  of  the  frequency  error  signal  are  conside¬ 
red.  Discussion  of  achieved  results  give  informa¬ 
tion  on  the  operating  conditions  which  are  able  to 
give  the  best  frequency  stability  when  the  ampli¬ 
tude  noise  added  in  the  microwave  receiver  is  taken 
into  account. 

2.  Model  and  notations  used 

A  model  has  been  introduced  which  represents, 
in  terms  of  an  analog  system,  the  behavior  of 
masers  As  shown  on  figure  1,  it  comprises 

two  coupled  tuned  circuits  representing  the  micro- 
wave  cavity  and  the  amplifying  atomic  medium,  res¬ 
pectively.  The  level  stabilization  is  dee  to  ato¬ 
mic  saturation  which  limits  the  gain  of  the  active 
medium  when  the  oscillation  level  increases.  Masers 
then  belong  to  the  class  of  oscillators  in  which 
the  aiqjlitude  limiting  effect  depends  on  the  ampli¬ 
tude  of  oscillation  (the  square  of  the  amplitude 
here),  with  a  delay  in  the  level  control  *2,  which 
is  to  be  attributed  to  the  longitudinal  relaxation 
time  constant. 

*  The  model  describes  the  steady  state  as  well 
as  the  transient  regime  ' * .  It  has  been  further 
completed  to  take  into  account  the  effect  of  a 
c.w.  excitation  externally  applied  to  the  micro- 
wave  cavity,  and  to  describe  the  amplification 
properties  ^  and  the  synchronization  phenomenon'^ 
when  the  maser  is  operated  below  and  above  oscil¬ 
lation  threshold,  respectively. 

A  random  excitation  will  be  now  added  to  re¬ 
present  thermal  noise  in  the  microwave  cavity*. 


*  Quantum  noise  is  negligible  for  transition  fre- 
quencies  in  the  microwave  region. 


515 


Notations  of  reference  13  and  14  are  used. 

The.  magnetic  field  in  the  microwave  cavity  is 
represented  by  K j  such  as  : 

Hj  =  o  cos(ut  +  ¥  )  (1) 

where  u  is  a  constant,  b  represents  the  amplitude 
of  this  field  (this  is  the  Rabi  frequency  of  atoms 
in  the  microwave  field)  and  f  denotes  its  phase. 
Quantities  b  and  V  are  allowed  to  be  slowly  vary¬ 
ing  functions  of  time  i.e.  their  relative  varia¬ 
tions  are  small  during  a  period  of  the  microwave 
field. 

This  field  creates  a  magnetization  Mj  of  the 
atoms  in  the  storage  bulb,  at  frequency  o,  and  co¬ 
difies  the  population  difference  between  levels 
involved  in  the  atomic  transition. 

We  set  : 

Kj  »  a  sin(ut  +  if)  (2) 

The  quantities  m,  if  and  Jij  are  also  slowly  varying 
functions  of  tine. 

In  the  case  of  passively  operated  masers,  we 
will  assure  that  a  monochromatic  signal  is  applied 
to  the  microwave  cavity  via  an  appropriate  coupling 
loop.  We  call  it  defined  by  : 

He  =  p  sin  at  (3) 

where  p  is  a  constant.  The  amplitude  p  is  defined 
in  such  a  way  that  we  have  b  =  p  for  a  cavity 
without  atoms  and  for  u  =  ac,  where  ac  is  the  ca¬ 
vity  resonant  frequency.  It  will  thus  not  be  re¬ 
quired  to  specify  the  coupling  factor  of  the  input 
loop. 


AS  shown  in  Appendix  I,  thermal  noise  in  the 
useful  cavity  mode  is  properly  represented  when 
we  have  : 


S 

P 


/b2  =  S  /b2 
I  P2 


4  kT/P 


(7) 


where  P  is  the  power  delivered  by  atoms  to  the 
loaded  microwave  cavity.  An  useful  expression  for 
?  is  given  in  Appendix  2. 

It  is  worth  noticing  that  the  effect  of  the 
amplitude  and  phase  noises  of  the  interrogating 
signal  H  could  be  represented  -if  necessary-  as 
a  contrifution  to  the  noise  signal  H^,  and  could 
then  be  accounted  for  as  an  increase  of  the  cavity 
temperature. 

It  can  be  shown  that  the  shot  noise  of  the 
source  of  atoms  in  the  upper  quantum  level  exci¬ 
tes  amplitude  and  phase  fluctuations  which  are 
negligible  compared  to  those  considered  here  . 

3.2.  Noise  added  by  the  microwave  receiver 

The  microwave  receiver  adds  noise  to  the 
signal  delivered  by  the  maser  at  its  output  port. 
This  noise  is  not  correlated  with  maser  noise  and 
can  be  considered  independently.  We  then  assume 
that  the  received  maser  signal  is  represented  by 
a  pure  sinusoid  b'  cosun.  The  noise  signal  provi¬ 
ded  by  the  receiver  is  denoted  as  p’ j  cosat  + 
p',  sinat.  As  before  (equation  6),  we  assume  that 
p'j  and  p'j  are  much  smaller  than  b’.  We  then 
nave  : 


W/b\ 


(8) 


3.  Representation  and  power  spectral  density 
of  considered  noisa  sources 


where  Qext  is  the  cavity  quality  factor  connected 
with  the  output  coupling  loop. 


3. 1.  Thermal  noise  in  the  microwave  cavity 

Thermal  noise  in  the  considered  mode  of  the 
microwave  cavity  will  be  represented  as  follows. 

We  assume  that  the  microwave  cavity  is  at  a  tempe¬ 
rature  of  0  Kelvin,  but  that  is  coupled  to  a  gene¬ 
rator  of  a  white  noise  signal  Hn,with  appropriate 
power  spectral  density.  We  suppose  that  this  signal 
is  band-limited,  in  order  to  use  its  Rice's  repre¬ 
sentation  but  that  its  bandwidth  is  large  enough 
compared  to  the  cavity  bandwidth.  We  then  set  : 


H  =  p  cos  ut  +  p_  sin  idt 


(4) 


n  «*]  »•*’»  “>■  ■  *2 
In  this  model,  H  is  white  noise  for  frequen¬ 
cies  around  to  whereas  p,  and  P2  are  white  noises 
for  low  angular  Fourier  frequencies  fi.  It  is  easy 


to  show  that  we  then  have 


l£ 


S  =  — 
H  2 
n 


S  =  ^  s 
Pi  2  Po 


(5) 


where  S„  ,  S 
He  pI 
densities. 


and  S 

p2 


are  one-sided  power  spectral 


Furthermore,  we  assume  that  noise  magnetic 
field  fluctuations  in  the  microwave  cavity  are 
small  enough  compared  to  the  coherent  magnetic  field 
amplitude  b,  i.e.  : 

Pj  «  b  ,  p2  «  b  (6) 


By  analogy  with  equation  7,  it  comes  : 

S  ,  /b2  =  S  ,  /b2  =  4  kT’/P  ■  4  kT(F  -  1)/P  (9) 

P  ,  P  2 

where  T'  and  F  are  the  noise  temperature  and  the 
noise  factor  of  the  microwave  receiver,  respecti¬ 
vely. 

We  then  have  : 

Sn,  /(b’)2  =  S  ,  /(b’)2  =  4kT(F  -  1)0  /*  Q  (10) 

P  j  P  2 

4.  Basic  equations  for  the  maser  noise 

One  can  show  that  the  set  of  differential 
equations  which  describes  completely  the  maser  be¬ 
havior,  when  driven  by  Hg  and  Hn  is  the  following 


T2m  +  m  =  b  Tj  cos  6  (11) 

TjR3  +  R3  =  -  Tj  bm  cos  8  +  Tj  I  (12) 

T  b+b  =  KQ  mcos8  +  pcos<f+  p,sin<P  +  p0 cosip  (13) 
#  c  c  «  *  ^ 

^  =  w  -  (0  +  M,  —  sin0  (14) 

o  3  m 


x  Analysis  shows  that  this  is  true  when  kT/P  » 

I /I  where  I  is  the  creation  rate  of  the  atomic 
population  difference,  as  defined  in  Section  4. 
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y-u  -o-±  [KQc^sm0  +  fsm?  ~£-  cos¥ 

"  c  p2  -i 

+  -^sin<p  ] 


P2  , 
f-sin^]  (15) 

06) 


id  = 
c  o 


(18) 


Conditions  (6)  and  (18)  allow  to  solve  amplitude 
equations  (11  to  13)  independently  of  phase  equa¬ 
tions  (14)  and  (15). 

5.1.  Amplitude  noise 

Fluctuations  of  the  amplitude  of  oscillation 
are  small.  We  then  set 


with 


b(t)  «*  b  +  Ab(t) 
o 


Ab(t)/b  «  1 
o 


(19) 


(20) 


where  b  is  the  amplitude  of  oscillation  in  steady 
o  .  . 

state  condition,  for  u  =  uc  =  a)Q  and  without  any 


random  excitation, 
equation  : 


b  is  given  by  the  following 
o 


TTb 
1  2  o 


a  -  1 


0  -  f-  i? 

where  the  dot  means  tioe  derivative.  T  and  are 
the  longitudinal  and  the  transverse  relaxation 
times  of  atoms,  respectively.  Tc  is  the  microwave 
cavity  time  constant,  u  is  the  atomic  transition 
frequency.  I  is  the  difference  between  the  crea¬ 
tion  rate  of  atoms  in  the  upper  and  the  lower 
Op  =  0  quantum  states.  K  is  a  factor  which  charac¬ 
terizes  the  coupling  between  the  atomic  medium  and 
the  microwave  cavity  field.  We  have,  in  S. I. units, 

k  =  u0-  n  vB2/*  V.  (17) 

where  w  =  4n  x  10-2,  n  is  the  filling  factor2, 

Pg  is  3ohr  magneton,  -fi  is  Planck  constant  divided 
by  2n  and  V  is  the  volume  of  the  microwave  cavity. 

For  p  =  0  and  pj  =  p2  =  0,  equations  11  to  16 
describe  steady  state  and  transient  behavior  as 
well  *0,11.  For  p  o  and  p^  =  =  0,  the  con¬ 

sidered  equations  have  been  used  to  describe  pro¬ 
perties  of  passively  operated  masers,  in  the  stea¬ 
dy  state  regime  '2. 

For  p  =  0  and  Pj  •h  0,  p  0,  we  will  obtain 
results  on  noise  properties  of  actively  operated 
masers,  and  for  p#0,  Pj  =fc  0  and  p 0,  useful 
informations  on  noise  properties  of  passively  ope¬ 
rated  masers  will  be  derived. 

In  the  following,  differential  equations  for 
the  amplitude  b  and  the  phase  ¥  are  derived  from 
equations  (II)  to  (13)  and  they  are  linearized 
around  steady  state  conditions.  Fluctuations  on  the 
amplitude  b  and  the  phase  ¥  are  then  described  by 
linear  differential  equations 

Equations  (11)  to  (15)  have  been  established 
for  the  hydrogen  maser.  Although  the  atomic  line 
is  not  homogeneous  in  the  rubidium  maser  -due  to 
trapping  effect  by  the  buffer  gas-  they  can  be 
used  at  least  as  a  first  approximation  ,  to  describe 
the  noise  behavior  of  this  maser  also. 

5.  Power  spectral  density  of  amplitude  and  phase 

fluctuations  in  actively  operated  masers 

We  set  p  **  0,  and  in  order  to  simplify  the 
reported  results,  we  will  only  consider  here  the 
case  where  the  microwave  cavity  is  tuned  to  the 
atomic  transition.  We  then  have  : 


with 


a  =  KQJjT,! 


(21) 

(22) 


The  parameter  a  characterizes  the  maser  operating 
conditions  relatively  to  oscillation  threshold. 

In  this  section  we  have,  obviously,  a  >  1. 

It  can  be  shown  that  the  differential  equa¬ 
tion  for  amplitude  fluctuations  is  the  followirg  : 

T  d3(Ab)  +  d2(&b)  +  _1_  d(Ab)  +  2b  2 


dtJ 


dt 


l! 

dp 


dt 


(23) 


where  the  verified  condition  T  <<  T,  has  been  taken 
.  c  l 

into  account. 

The  power  spectral  density  of  fractional  am¬ 
plitude  fluctuations  C ,  where  £  is  given  by  : 


Ab 

b 


(24) 


is  then  easily  obtained.  It  comes,  when  equation  (7) 
is  also  used  : 

2 


s£(n)  =fl 


(bo2+?4--n2)%  (J-  +  f)V 

°  T2 _ T1  Z 

2  2  2  1  2  2  2 
(2boz  -  in  +  Gjr-yn  R 


(25) 


where  P  is  the  power  delivered  by  atoms  to  the 
tuned  cavity,which  depends  on  bo  (see  Appendix  2). 

It  can  be  seen  that  for  ftTc  »  1,  S^(fi)  varies 
as  (1  +  T  2n2)_1,  which  represents  the  filtering 
effect  of  the  microwave  cavity.  For  ft2  «  (x  T  )"* 
equation  (25)  becomes  identical  to  the  result  c 
derived  by  Cutler  3.  The  very  slight  discrepancy. 


for  T. 


-I 


>  n  >  (t  ■ t.) 


-1/2 


is  related  to  the  fact 


-c  .  -  'Cl' 

that  we  did  take  into  account  the  time  constant  of 
the  response  of  the  microwave  cavity  to  its  exci¬ 
tation  by  the  atomic  magnetization  (it  is  represen¬ 
ted  by  the  term  Tcb  in  equation  13). 

In  order  to  discuss  equation  (25) ,  it  is  of 
interest  to  introduce  the  saturation  factor  SQ 
which  is,  under  condition  (18)  defined  as  : 

3.  =  T,T„b_2  (26) 


1  2  o 


and  to  assume 


T.  =  T„ 


(27) 


An  useful  approximation  of  equation  (25)  is  then, 

for  0  <  fi  <  T  -1  : 

c 


wi  th 


fe«i) 


Se(fl)  -  fe($2) 

(1  +  So  -  T2^2) 2  +  4T2fi2 
(2S0  -  T2£l2)2  +  x2!)2 


(28) 

(29) 


Figure  2  shows  the  variation  of  f £(fi)  for  se¬ 
veral  values  of  SQ.  One  sees  that  i)  for  JJT  »  1, 
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f  (fi)  tends  towards  a  constant,  equal  to  unity 
which  means  that  far  enough  from  line  bandwidth, 
amplitude  fluctuations  ignore  the  presence  of  the 
active  medium  and  that  we  then  have  additive  ampli¬ 
tude  noise,  ii)  for  fi  =  0,  power  spectral  density 
of  fractional  amplitude  fluctuations  is  a  decrea¬ 
sing  function  of  the  saturation  factor  and  for 
S  £l,  amplitude  fluctuations  "saturates"  much 
and  becomes  smaller  than  for  fiT  »  1,  iii)  for  So 
small  enough  (maser  just  above  oscillation  thres¬ 
hold)  S  (fi)  is  a  monotonously  decreasing  function 
of  the  Fourier  frequency  and  iv)  for  S0  large 
enough  (S  £  0.2)  a  hump  appears  in  the  S£- 
curves3»4? 


This  maximum  of  S£(fi)  is  related  to  the  na¬ 
ture  of  the  dynamical  response  of  the  maser  ampli¬ 
tude  to  a  perturbation.  If  the  oscillation  level  is 
small,  for  S  £1/8  this  response  is  exponentially 
dasped  whereSs  it  has  an  oscillatory  component  if 
the  level  of  oscillation  is  large  enough,  for 
S  >  1/8  **.  In  this  last  event,  the  maximum  of 
S°$)  then  occurs  at  a  value  which  is  roughly  equal 


to  £lj  given  by  : 


’  2  2  2 

fi,  =  2b  -  I/4T, 

1  o  i 


(30) 


5.2.  Phase  fluctuations 


The  differential  equation  for  phase  fluctua¬ 
tions  can  be  derived  from  equations  (14,  15). 
One  obtains  : 


d2AV> 

Tc~T  + 
C  dt 


dAf 

dt 


dp 


1  1  ‘'l 


dt 


T2bo 


(31) 


The  power  spectral  density  (fi)  of  phase  fluc¬ 
tuations  is  then  given  by  : 


S*f 


4kT 


(1  + 


2  2 
fi  t2 


2  2 

(1  +  T  fi  ) 
c 


(32) 


in  complete  agreement  with  Cutler  3.  The  term 
I/T^  fi2  represents  the  white  frequency  noise  which 
constitutes  the  fundamental  thermodynamical  limit 
to  the  long  term  frequency  stability.  It  has  been 
observed  in  time  domain  measurements  The  other 
term  of  the  parenthesis  represents  the  additive 
white  phase  noise  contribution  of  the  microwave 
cavity  thermal  noise. 


5.3.  Effect  of  receiver  noise 

We  will  only  consider  the  amplitude  noise. 
Observed  amplitude  fluctuations  have  their  origin  : 
i)  in  the  interaction  of  atoms  with  thermal  noise 
and  ii)  in  the  microwave  receiver.  The  observed 
power  spectral  density  S'£(fi)  of  fractional  ampli¬ 
tude  fluctuations  is  then,  in  the  useful  Fourier 
frequency  range  : 

S^(fi)  =  -f1  [fe(fi)  +  (F  -  1)  (33) 

The  hump  in  f  (fi)  can  then  be  observed  only  if 
(F  -  1  )Qext/Qc  smaH  enough. 


6.  Experimental  results  on  amplitude  noise 

Measurement  of  the  spectrum  of  the  amplitude 
response  of  an  ammonia  maser  to  a  sinusoidal  exci¬ 
tation®  showed  a  good  qualitative  agreement  with 
results  given  here,  for  small  SQ,  close  to  oscil¬ 
lation  threshold. 

We  here  report  experimental  results  achieved 
with  hydrogen  and  rubidium  masers  in  which  the 
hump  of  S£(fi)  is  observed  for  the  first  time. 

The  signal  generated  by  actively  operated 
masers  is  amplified  in  a  heterodyne  receiver,  whose 
output  is  linearly  detected.  Amplitude  fluctuations 
are  then  obtained.  They  are  processed  in  a  FTT  spec¬ 
trum  analyzer  which  gives  their  power  spectrum 
density. 

6.1.  Experiments  with  a  hydrogen  maser 

Figure  3  shows  the  power  spectrum  density  of 
amplitude  fluctuations  in  a  hydrogen  maser  with 
Qc  =  47  000  and  SQ  -  0.6.  One  sees  very  good  quali¬ 
tative  agreement  with  figure  2. 

Afterwards,  in  order  to  study  in  more  details 
the  validity  of  equation  (25)  and  to  provide  an 
easy  change  of  the  parameter  S  ,  we  have  equipped 
the  maser  with  an  external  fee8back  loop  which 
allowed  us  to  vary  the  quality  factor  of  the  ca¬ 
vity.  The  experimental  set-up  is  depicted  on  figure 
4.  Values  of  the  parameter  Sq  as  large  as  8  have 
been  achieved,  with  Qc  =  6.5  x  10^. 

Figure  5  shows  the  experimentally  recorded  va¬ 
riolous  of  S£(fi)  for  Tj  «  0.175  s,  T2  “  0.230  s  and 

bo  “  i41  s“2  (giving  S  •=  5.67).  Quantities  T, 
and  bQz  have  been  measured  by  recording  a  tran¬ 
sient  of  the  level  of  oscillation  11 >'**  which  has 
been  induced  by  state  mixing.  The  value  of  T2  has 
been  obtained  via  cavity  pulling  effect.  The  dotted 
line  represents  the  theoretical  variations  of  S£(fi) 
as  computed  from  equation  (25) .  The  theoretical 
graph  has  been  adjusted  to  the  recorded  one  for 
fi/2ir  =  10  Hz.  One  can  see  that  the  agreement  bet¬ 
ween  theoretical  and  experimental  results  is  excel¬ 
lent. 

Figure  6  compares  the  theoretical  and  experi¬ 
mental  values  of  the  frequency  for  which  S£(fi) 
shows  a  maximum,  for  four  different  values  of  SQ. 
Both  values  agree  within  a  few  percent,  the  uncer¬ 
tainty  being  mainly  related  to  measurement  of  T, 

and  b  2. 

o 

6.2.  Experiments  with  a  rubidium  maser 

Similar  experiments  have  been  performed  with  a 
rubidium  maser.  An  external  feedback  loop,  such  as 
shown  on  figure  4  has  been  used  to  increase  the  os¬ 
cillation  level,  and  therefore  the  value  of  S  . 
Figure  7  represents  the  recorded  variations  o?  the 
power  spectral  density  of  amplitude  fluctuations. 

A  pronounced  maximum  also  appears  at  a  Fourier  fre¬ 
quency  of  32  Hz.  In  the  rubidium  maser,  relaxation 
times  are  smaller  than  in  the  hydrogen  maser.  It 
results  that  a  saturation  factor  of  the  order  of 
unity  requires  a  larger  Rabi  frequency.  Consequent¬ 
ly,  the  frequency  for  which  the  maximum  of  S£(fi) 
occurs  is  larger  in  the  rubidium  maser  than  m  the 
hydrogen  maser. 
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6.3.  Conclusion 

Experimental  results  confirm  theoretical  ones. 
This  gives  confidence  in  the  validity  of  the  model 
used  to  describe  amplitude  noise  in  actively  ope¬ 
rated  masers.  In  the  following,  it  will  be  comple¬ 
ted  to  describe  amplitude  noise  in  passively  ope¬ 
rated  masers,  and  to  predict  the  frequency  stabi¬ 
lity  of  a  controlled  frequency  generator. 

7.  Amplitude  and  phase  noise  in  passively 
operated  masers 

7.1.  Statement  of  the  considered  problem 

When  the  interrogating  frequency  to  differs 
from  0)  ,  amplitude  and  phase  equations  (11)  to  (15) 
are  coupled  together  and  the  algebra  becomes  heavy. 
However,  as  we  will  see  in  sections  8  and  9,  the 
calculation  of  the  power  spectral  density  of  am¬ 
plitude  and  phase  fluctuations  for  SI  *  0  is  of 
special  interest  to  determine  the  effect  of  the 
maser  noise  on  the  frequency  stability  of  the  gene¬ 
rator  controlled  by  the  atomic  transition. 

The  assumption  ft  =  0  allows  one  to  withdraw 
all  time  derivatives  in  equations  (11)  to  (15)  and 
to  derive  more  easily  the  equations  for  amplitude 
and  phase  increments  Ab  and  A^p  ,  respectively, 
related  to  thermal  noise. 


u  -  u  .  The  relation  between  S  and  S  is  specified 
in  Appendix  4. 

Figure  8  depicts  the  variation  of  G  as  a  func¬ 
tion  of  a  for  negligible  saturation  and  figure  9 
illustrates  the  effect  of  saturation  on  the  gain. 

It  will  be  shown  in  section  9  the  interest  to  con¬ 
sider  also  the  imaginary  part  of  the  complex  gain 
G  given  by  : 

Im(G)  =  jj-  sin^>  =  G2  £  sin^1  (42) 

where  p  sin*?  /b  is  given  by  equation  (35) ._ 

Figures  10  and  1 1  show  the  variation  of  Im(G)  for 
several  values  of  a  and  SQ,  under  condition  (oc  =  t dQ. 

7.3.  Spectral  density  of  amplitude  and  phase 
fluctuations 

Calculation  of  amplitude  and  phase  departures 
from  the  steady  state  regime,  Ab  and  Af  respecti¬ 
vely,  give  the  following  results  when  only  the  very 
low  frequency  components  of  Hn  are  considered  : 

^[(1+S)3  -  ct(2-ct+ctS+2S)  cos20] 

=  Y  ( 1+S) [( 1+S)2  -  a(2-a+2S)  cos20]  (43) 

and 


7.2.  Recalls  on  the  steady  state  results 

The  passive  mode  of  operation  is  obtained  for 
a  <  1.  An  interrogating  signal  is  required  to 
probe  the  atomic  transition.  We  thus  have  p  0. 
We  assume  that  the  cavity  mistuning  is  small  and 
that  the  following  condition  is  satisfied  : 


T  (u  -  u)  «  1 
c  c 


(34) 


On  the  contrary,  no  condition  is  set  -except  when 
otherwise  stated-  on  the  quantity  T2((dQ  -  (d). 

As  shown  in  reference  13,  the  following  con¬ 
dition  then  holds  for  p^  =  p2  =  0  : 


A*  =T  + 


1+S 

1+S-a 


(44) 


£  sin 

D 

*»  Tc(«c  ~  <d)  -  sin  0  cos  0 

(35) 

(ft  = 

b 

i  a  2a 

=  1  -  _  cos  0 

(36) 

Se  ° 

with 

-1 

and 

2. 

cos  0  = 

[1  +  T22(<do  -  <d)2] 

(37) 

V 

S 

TjT2b2  cos20 

(38) 

8. 

In  general,  the  quantities  b,  S  and  0  in  the  two 
above  equations  have  to  be  evaluated  for  u>  <dQ. 

Equation  (43)  shows  that,  under  the  specified 
conditions,  amplitude  fluctuations  are  only  rela¬ 
ted  to  p2>  the  amplitude  of  the  noise  component 
which  is  in  phase  with  the  coherent  excitation  Hg. 
Phase  fluctuations  (equation  44)  depends  on  the 
amplitude  p.  of  the  noise  component  in  quadrature 

with  H  ,  and  also  on  p_  if  <d  w  . 
e  z  o 

The  power  spectral  densities  of  S  (ft  =  0)  and  S 


0)  are  then  given  by 
4kT  ( 1+S)  4  [~( 1+S)  2  -  ct(2  -  a  +  2S)  cos20l 
P  [( 1  +  S) 3  -  a(2  -  a  +  aS  +  2S)cos20]  2 


4kT  -2 
—  G 


1  + 


2  2  2  2  2 
4o  S  (1+S)  sin  0  cos  6 


A<p 

(45) 

(46) 


[(1+S)3  -  a(2  -a  +  as  +  2S  )cos20] 

8.  Control  of  a  frequency  generator  by  the  atomic 


where  S  is  the  saturation  factor  of  the  atomic 
transition. 

The  modulus  G  of  the  maser  gain  is  defined 

as  : 


G  =  b/p 

We  have,  under  condition  (34)  : 

r2 _ (1  +  S)2 

G  2  2 

,(!+S)  -  a(2+2S-a)cos  0 


(39) 

(40) 


line.  General  statements 

There  are  many  ways  to  control  the  frequency  of 
a  quartz  crystal  oscillator  by  the  atomic  line.  One 
may  look  either  at  the  wave  which  is  transmitted  or 
at  the  wave  which  is  reflected  by  the  maser.  On  the 
other  hand,  information  on  the  atomic  transition 
frequency  may  be  inferred  either  from  :  i)  the  phase 
shift  between  the  output  and  the  input  waves,  ii) 
the  amplitude  of  the  output  wave,  or  iii)  the  atomic 
dispersion  curve. 


?or  w  ■  (d  °  <d  the  gain  shows  a  maximum  G  given 
c  o  o 


by  : 


1  +  S 


1+S  -  a 

o 


(40) 


where  S  is  the  value  of  the  saturation  factor  for 
o 


We  will  limit  ourselves  to  the  consideration  of 
the  transmitted  wave,  and  to  control  of  the  fre¬ 
quency  of  a  quartz  crystal  oscillator  by  probing 
either  the  maximum  of  the  atomic  emission  line,  or 
the  null  of  the  atomic  dispersion  curve. 

In  both  cases,  a  quantity  which  depends  on  the 
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amplitude  of  the  maser  response  to  an  appropriate 
frequency  modulation  is  measured.  The  maser  ampli¬ 
tude  noise  has  then  to  be  considered. 

9.  Control  of  a  frequency  generator  by  the  atomic 
emission  line.  Slow  frequency  modulation 

9.1.  Power  spectral  density  of  frequency  fluctua¬ 
tions  of  the  controlled  generator 

The  input  wave  is  frequency  modulated  in  or¬ 
der  to  probe  the  maximum  of  the  gain  curve.  Ampli¬ 
tude  modulation  of  the  transmitted  wave  is  detec¬ 
ted  and  coherently  demodulated. 

We  assume  square-wave  frequency  modulation 
and  we  set  : 


w  =  u,  +  w  (47) 

1  -  m 

where  to  is  the  frequency  of  the  input  wave,  tu 
is  the  mean  value  of  this  frequency  and  u,  is  the 
frequency  modulation  depth.  In  this  technique,  the 
frequency  of  the  modulation  must  be  appreciably 
smaller  than  the  atomic  linewidth ,  which  justi¬ 
fies  the  consideration  of  noise  power  spectral  den¬ 
sity  for  n  =  0. 

The  error  signal  is  given  by  the  difference 

6b  between  the  amplitude  of  the  maser  response  at 

frequencies  a),  +  w  and  to,  -  w  .  For  w.  close  to 
n  ,  1  m  1  m  1 


uO±(0m 


+  Ab(u  +<sm)  -  Ab(o>j  -  u^)  (48) 


where  Ab(o,]  +  w  )  and  Ab(iOj  -  aO  represent  ampli¬ 
tude  fluctuations,  due  to  thermal  noise  at  fre¬ 
quencies  Wj  +  u>m  and  no j  -  w^,  respectively. 

is  the  slope  of  the  gain  curve  at  fre- 

(0  ±0) 
o  m 

quencies  to  +  to  . 

o  -  m 

One  finds  : 


3b 

3u 


J^|3bj  _a^,  (2  -  a  +  aS  +  2S)  x  cos^6 

b  3“  2  (I+S)3  -a(2-a  +  aS  +  2S)  cos26 

wi  th 

x  =  T,  (w  -w)  =  T  co 
2  o  2  m 


(49) 

(50) 


The  servo  system  function  is  to 
condition  6b  =  0.  The  power  spectral 
fractional  frequency  fluctuations  of 
led  generator  is  hQ  given  by  *  : 


s'£(n  =  0) 


impose  the 
density  of 
the  control- 


(51) 


where  S'£  is  the  power  spectral  density  of  frac¬ 
tional  amplitude  fluctuations  including  maser  and 
receiver  noise. 


We  will  at  first  discuss  separately  the  effect 
of  this  two  noise  sources. 


'*  The  time  domain  measure  of  frequency  stability 
is  then  ay(t)  =  (ho/2i)1/2. 


9.2.  Effect  of  maser  noise 

With  equations  (45),  (49)  and(A-12),  it  comes, 
assuming  again  Tj  =  ^2  : 


A  more  rapid  but  heuristic  derivation  of  equation 
(52)  is  given  in  Appendix  3. 

Equation  (52)  shows  that  the  frequency  stabi¬ 
lity  depends  on  the  maser  design  through  the  quan¬ 
tities  K  and  Q  ,  and  on  its  operating  conditions 
via  the  parameters  a,  S  and  x  (cos26  is  a  function 
of  x,  see  equation  (37)  and  (50)). Optimum  operating 
conditions  which  minimizes  hQ  have  been  computed. 

In  this  computation  1*.  «ias  been  assumed  that  rela¬ 
xation  times  T  and  T  do  not  depend  on  the  atomic 
density  in  the 'bulb,  which  is  true  for  small  enough 
beam  intensities. 


One  finds  that  for  a  given  value  of  a,  it  exists 
an  optimum  value  for  SQ  (the  saturation  factor  for 
( a  =  uQ)and  x,  but  that  the  corresponding  value  of 
hQ  is  a  decreasing  function  of  a  in  .the  range 
0  <  a  <  1.  Curves  a  on  figures  12  and  13  show  the 
optimum  values  of  Sq  and  respectively. 

It  is  worth  noticing  that  the  quantities  T ^ w  , 
a  and  S  are  easily  measurable  ones*2  and  that 
optimum°adjustments  can  then  readily  be  made. 

The  solid  line  (curve  a)  on  figure  14  shows  the 
corresponding  value  of  h  for  a  hydrogen  maser  of 
ordinary  design,  with  a  cavity  volume  of  15.5  dm  , 

Tl  =  2.8  (bulb  diameter  of  16  cm)  and  Qc  =  30  000. 

9.3.  Effect  of  receiver  noise 

With  equations  (10),  (49)  and(A-12),  it  comes, 
assuming  Tj  =  T^  : 


h  (receiver)  = 


4kT  .  r(*+S)3-a(2-a  +  2S  +  aS)cos2el 

- -(F-l)KQ  L-x-  - -  92 - 6 

•Hu  a  S  [2  +  2S  -  a  +  as]  x  cos  6 


2 


(53) 


It  still  exists  optimum  conditions  of  operation 
relatively  to  the  receiver  noise  considered  alone. 
They  are  shown  on  figure  12  and  13,  curves  b. 

The  solid  line  (curve  a)  on  figure  15  shows 
the  corresponding  value  of  h  ,  for  a  hydrogen  maser, 
with  V  =  15.5  dm3,  n  =  2.8,°Q  =  60  000  and 

F  “  2. 

9.4.  Discussion  of  results 

One  sees  that  optimum  operating  conditions  are 
quite  different  according  to  the  considered  noise 
source. 

Furthermore,  figure  14,  curve  b  shows  that, 
with  data  specified  in  sftions  9.2.  and  9.3., 
receiver  noise  will  limi>  the  frequency  stability 
if  conditions  are  adjusted  to  minimize  the  maser 
noise.  Similarily,  figure  15,  curve  b  shows  that 
optimization  for  receiver  noise  may  not  be  the 
best  one. 

As  the  contribution  of  maser  and  receiver  noises 
are  very  comparable,  it  then  appears  that,  in  the 
given  example,  it  is  the  quantity 
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h  =  h  (maser)  +  h  (receiver)  (54) 

o  o  o 

which  mist  be  optimized. 

Curves  c  on  figures  12  and  13  then  specify  op¬ 
timum  operating  conditions  and  curves  c  on  figures 
14  and  15  show  the  corresponding  values  of  hQ.  One 
sees  that  for  a  =  0.5,  one  has  h  =  1.5  x  10  “25 
Hz"'  giving  a  frequency  stability  measure  a  (t)  = 

2.7  x  10"13  t"1/2  and  for  a  *  0.75  it  comes'h0  =  4.3 
x  10-26  Hz“l  and  oy(r)  =  1.5  x  10"13  .  t“>/2. 

Figure  16  gives  the  related  values  of  the 
gains  G  and  G  when  h  ,  as  defined  in  equation  (54) 
is  minimized. °The  two° following  remarks  are  of 
interest  : 

1.  Comparison  of  equation  (52)  and  (53)  shows 
that  the  quantity  (F-l)Q  t/Q  should  be  as  small 

as  possible  to  reduce  thl  contribution  of  the  recei¬ 
ver  noise.  This  implies  a  good  noise  figure  of  the 
receiver  and  a  coupling  factor  of  the  microwave 
cavity  output  loop  which  is  larger  than  in  acti¬ 
vely  operated  masers. 

2.  Curves  a  and  b  on  figures  12  and  13  are 
valid  for  hydrogen  and  rubidium  masers  as  well 
and  they  do  not  depend  on  F,  Qext  and  Q£.  On  the 
contrary,  the  position  of  curve  c  between  curves 
a  and  b  depends  on  the  values  of  F  and  Qext/Qc« 

10.  Control  of  a  frequency  generator  by  the  atomic 
dispersion  line.  Fast  frequency  modulation 

10.1.  Calculation  of  the  error  signal 

The  well  known  Pound  technique  for  the  sta¬ 
bilization  of  a  frequency  generator  on  the  reso¬ 
nance  of  a  microwave  cavity  has  been  successfully 
applied  to  the  control  of  a  Gunn  diode  oscillator 
on  a  superconductive  cavity  20.  in  this  method, 
the  interrogating  signal  is  frequency  modulated 
at  a  frequency  which  is  much  larger  than  the  band¬ 
width  of  the  selective  circuit.  The  carrier  fre¬ 
quency  is  reflected  depending  on  its  frequency 
offset  relatively  to  the  resonant  frequency,  and 
the  sidebands  are  totally  reflected. 

This  technique  can  be  transposed  to  passively 
operated  masers  21,22,  The  existence  of  two  reso¬ 
nant  circuits  in  a  maser  (the  atomic  medium  and 
the  microwave  cavity)  allows  to  use  the  transmitted 
wave.  The  transmission  of  the  carrier  depends  on 
its  frequency  relatively  to  that  of  the  atomic 
resonance  frequency.  The  frequency  of  the  modula¬ 
tion  being  much  larger  than  the  atomic  linemdth, 
(but  equal  to,  or  smaller  than,  the  cavity  band¬ 
width),  the  sidebands  are  transmitted  by  the  micro- 
wave  cavity,  as  if  the  atomic  medium  were  absent. 

The  great  advantage  of  this  interrogating 
process  is  to  allow  a  much  faster  frequency  modu¬ 
lation  than  the  previously  considered  one,  des¬ 
cribed  in  section  9.  This  offers  more  freedom  for 
the  choice  of  the  attack  time  of  the  servo  control 
loop  of  the  frequency  generator. 

We  denote  w.  the  incident  coherent  wave  at  the 
input  port  of  the  maser.  We  have  20  ; 

w.  -  peia)t{l  +  4i(^C  -  e"iwm5  (55) 

where  u  is  the  modulation  frequency  and  m  is  the 
amplituSe  of  the  two  first  sidebands  relative  to 


that  of  the  carrier. 

Assuming  that  frequency  w  is  close  to  the  ato¬ 
mic  resonant  frequency  w  .whereas  frequencies 
w  ±  u  are  well  outside  the  atomic  line  width,  the 
transmitted  wave  will  then  be  the  following  : 


ltdt 


if 


+  mp  (e 


iw  t 
m 


-iw  t 
e  m)] 


(56) 


where  attenuation  of  the  sidebands  has  been  neglec¬ 
ted. 

This  wave  drives  a  square  law  detector,  the  out¬ 
put  of  which  is  demodulated  by  multiplication  by 
sinw  t  followed  by  low  pass  filtering.  The  error 
signal  is  then  V  given  by  : 

V 


w  w* 
t 


„  sin  (o  t 
t  m 


(57) 


where  k  is  a  constant  and  the  bar  means  time  ave¬ 
raging. 

We  get  : 

V  =  2k  p2  |  sin<f  (58) 

It  can  be  seen  that  b  sin  f  /p  represents  the  ima¬ 
ginary  part  of  the  maser  complex  gain,  i.e.  its 
dispersion.  It  is  depicted  on  figures  10  and  11. 
Under  condition  w  =  to  and  T^  (ooq  -  io)  «  1, 
equations  (35)  an§  (42)  give  : 

b  aT 

sinP  =f  Tfs  (“o  "  w) 


(59) 


10.2.  Effect  of  maser  noise 

As  previously,  we  represent  thermal  noise  in 
the  microwave  cavity  by  adding  a  random  component 
to  the  input  wave.  We  then  have  now  : 

i<ot  +  +  iw  6 

wi=  e  [(p  +  p  +  ip  )  + (mp  +  p  +  ip  )e 

-  -i<«  t 

-(mp  +  p2  +  ip  j  )  e  m]  (60) 

where . the  subscripts  1  and  2  refer  to  noise  compo¬ 
nents  out  of  phase  and  in  phase  with  the  coherent 
excitation,  respectively.  The  superscripts  +  and  - 
characterize  noise  components  at  frequencies  very 
close  to  <o  +  com  and  w  -  wm>  respectively. 

The  long  term  frequency  stability  of  the  slaved 
frequency  generator  is  determined  by  very  slow  fre¬ 
quency  fluctuations  of  the  error  signal.  We  then 
consider  again  variations  at  Fourier  frequency  SI  =  0. 
The  transmitted  wave  is  then 


1WC 


w  =  e 


[be*^  +  A  (be*^  )  +  (mp +p9++ ip,+)  e  m 


2  '  ‘*'1 

— xu)  t 

-(mp+p2+ip,  )e  m  j  (61) 


if 


where  A(be  )  denotes  the  effect  of  noise  at  fre¬ 
quency  to  on  the  maser  output. 

The  error  signal  becomes  : 

V  «  2kpb(sin  f  -  ^  P*  -J  ■  +  A<f  )  (62) 

where  we  have,  here,  to  consider  phase  fluctuation 
hf>  .  For  ^(Wq  -  w)  |  «  1  it  is  given  by  : 

Af  =  Pj/p  '63) 
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as  shown  by  aquation  (44) . 

The  servo  system  imposes  V  =  0  and  the  power 
spectral  density  of  fractional  frequency  fluctua¬ 
tions  of  the  controlled  oscillator  determined  by 
maser  noise,  is  then  : 

.  (1  +  S  )2 

h  (maser)  =  (1  +  — ^)  -5 — r. — % —  (64) 

0  Po  2m2  aw  2T, 

0  2. 

or,  assuming  T  =  9 

8kT  1  O  +  V 

h  (maser)  - ,  KQ  (1  +  — =)  - 5 -  (65) 

0  Itw  J  2m  a  s 

0  o 

For  a  maser  of  given  design,  h  is  minimized  for 
2m^  »  1  and  S  =1.  Curve  a  on  figure  17  then  - 
shows  the  variation  of  h  with  a  for  V  =  15.5  dmJ 

tl  =  2.8  and  Q  =  30  000.° 
c 

10.3.  Effect  of  receiver  noise 

We  now  assume  that  the  microwave  cavity  is 
noiseless,  but  we  introduce  the  noise  added  by 
the  microwave  receiver.  One  obtains  : 

r  1  p'r+p,i~  P’h 

V  =  2k  p  b  [sin^  -  ~ - —  + - ]  (66) 

L  2m  p  p 

where  the  prime  characterizes  receiver  noise.  It 
then  comes,  assuming  Tj  = 


h  (receiver)  = 

— 0  KQ 
•hw  ' 


ext 


(f-i)(-L  +-L) 

G  2m 
0 


(1  + 


So) 


(67) 


a  S. 


where  G  is  given  by  equation  (41). 

0  2 
2  If  m  is  large  enough  so  that  we  have  2m  » 

Gq  ,  hQ(receiver)  is  optimized  for  S  =  1  -  a. 

As  for  the  other  considered  method  o?  frequency 
control,  the  saturation  factor  should  be  smaller 
when  receiver  noise  dominates  than  when  the  maser 
noise  is  the  largest  one. 


10.4.  Discussion  of  results 

Curve  b  on  figure  17  shows  the  contribution  of 
the  receiver  noise  (2m2  »  G02,  F  =  2,  Qext  = 

60  000)  when  operating  conditions  are  optimized  for 
maser  noise.  One  sees  that,  as  before,  it  is  the 
quantity 

h  (maser)  +  hQ  (receiver) 
which  must  be  optimized. 

Curve  c  on  figure  18  then  shows  the  value  of  S 
which  minimizes  the  useful  quantity.  Curve  c  on 
figure  17  gives  the  power  spectral  density  of 
iractional  frequency  fluctuations  in  the  conside¬ 
red  example  for  2m2  »  G  2.  One  has  h  =  8  x  10-2^ 

,  0  1/9  0 

Hz-1  and  a  (T)  =  2  x  10“]3  T  for  a  =  0.5  and 

h  =  3  x  10-26  Hz"1  and  0  (t)  =  1.2  x  10"13  t"1/2 
f8r  a  =  0.75.  y 


Considering  that  the  value  of  m  is  actually 
finite,  one  concludes  that  the  two  methods  of 
frequency  control  have  equal  capabilities  as  far  as 
frequency  stability  is  concerned. 


cavity  resonant  frequency  w  and  this  will  affect 
the  transition  frequency  vi§  cavity  pulling  effect. 

11.1.  Cavity  pulling  in  the  observation  of  the 
emission  line 

Cavity  mistuning  distorts  the  emission  line 
and  the  condition  that  the  control  loop  of  the 
frequency  generator  provides  a  null  of  the  error 
signal  is  the  origin  of  the  cavity  pulling  effect. 
The  cavity  pulling  factor  12  p  in  the  observation 
of  the  emission  line  is  then  e  given  by  : 

3b  I 

P  =  ^ck  “0  (68) 

e  3b 

3w  w.  +  w  ,  w  =  w 
O  m  e  o 


It  then  comes 

Q. 

e 


(1  +  sr 


- c  <69) 


l  (2  -  a  +  2S  +  aS)  cos  8 


where  Q  and  are  the  quality  factors  of  the  ca¬ 
vity  ani  the  atomic  line,  respectively.  The  para¬ 
meters  S  and  cos20  have  to  be  taken  for  w  =  wQ±wm 
(see  also  Appendix  4). 

When  operating  conditions  are  optimized  for 
maser  plus  receiver  noises,  one  has,  in  the  given 
example  :  P  =  0.98  Q  /Q0  for  a  =  0.5  and  P  =  0.97 
QC/QJ  for  ae=  0.75.  c_* 

11.2.  Cavity  pulling  in  the  observation  of  the 
dispersion  line 

According  to  equations  (35)  and  (42),  the  con¬ 
dition  that  the  imaginary  part  of  the  complex  gain 
is  equal  to  zero,  is  the  source  cf  the  cavity  pul¬ 
ling  effect.  The  cavity  pulling  factor,  in  the  oDser- 
vation  of  the  dispersion  line  is  then  given  by  : 


1  +  S 
_ o 

a 


(70) 


One  then  has  P,  =  3.42  Q  /Q„  for  a  =  0.5  and  P,  = 
2.15  Qc/Qij  a  =  0.75.CThe  pulling  effect  is 
then  larger  than  for  the  other  method,  in  which  the 
emission  line  is  observed.  It  would  even  be  worse 
for  smaller  values  of  a.  This  is  the  drawback  of  the 
method  based  on  the  observation  of  the  dispersion 
line. 

11.3.  Effect  of  cavity  tuning  noise 

The  equation  for  the  power  spectral  density  of 
fractional  fluctuations  of  the  cavity  ,-esonant  fre¬ 
quency  h  can  easily  be  derived  for  cavity  tuning 
methods  similar  to  those  considered  for  sensing  the 
atomic  transition  frequency. 

We  will  mainly  consider  square  wave  frequency 
modulation  and  measurement  of  the  amplitude  of  the 
transmitted  wave.  The  optimum  value  of  the  amplitude 
of  the  frequency  modulation  is  half  the  cavity  band¬ 
width.  We  then  have  : 


1 1.  Cavity  pulling  and  cavity  tuning 

In  passively  operated  masers,  the  microwave 
cavity  needs  to  be  tuned  at  the  atomic  resonance 
frequency.  The  servo  system  introduces  noise  on  the 


h 

c 


2M  _1  [1  +  (F  -  1)  ffett] 

P,  Q  1  1  Q„  J 

1  c  c 


(71) 


where  P  j 


is  the  power  dissipated  in  the 


loaded  mi- 
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crowave  cavity  at  the  applied  frequencies. 

The  power  spectral  density  h'  of  fractional  fre¬ 
quency  fluctuations  which  are  due  to  noise  in  cavity 
tuning  is  then  : 

h*  -  —  C2  —  [l  +  (F  -  1)  (72) 

1  V  c 

where  C  is  defined  in  equation  (69). 

With  equation  (A  12),  where  it  is  assumed  T  =  T  , 
it  cones  the  following  equation  :  " 


16kT  [l+  (F-D^SJ  |  02 


-Kw 


P,  S 


KQc  cos^S 


(73) 


which  looks  similar  to  equations  (52)  and  (53). When 
operating  conditions  are  optimized  for  maser  plus 
receiver  noises,  one  has  h'  =  7.5  x  lO-2^  Hz“l 
for  Pj  »  P/2  and  a  «  0.5. One  sees  that  the  value  of 
h'o  is  only  3  dB  below  the  corresponding  value  of 

h  • 
o 


It  would  then  be  wise  to  enlarge  the  power  Pj 
on  sidebands  used  to  probe  the  cavity  resonant  fre¬ 
quency. 


Similar  conclusions  can  be  derived  for  other 
methods  of  control  of  the  frequency  generator  by 
the  atomic  line,  and  of  control  of  the  microwave 
cavity  frequency. 


12.  A  brief  comparison  of  frequency  stability 
of  actively  and  passively  operated  masers 


We  will  only  consider  here  the  fundamental  ef¬ 
fect  of  noise  in  the  microwave  cavity. 

21 

For  actively  as  well  as  passively  operated 
masers,  one  can  write  : 


a  (t) 

y 


c  J_  (Jsi.) 

2V 


1/2 


(74) 


where  T  is  the  sampling  time.  C'  is  a  constant  which 
is  equal  to  unity  in  oscillating  masers. In  passive 
masers,  C'  depends  on  the  technique  used  to  con¬ 
trol  the  frequency  generator,  and  on  the  value  of 
the  caracteristic  parameters  a,  SQ  and,  when  neces¬ 
sary,  cos26. 


Equation  (74)  shows  that  there  is  no  major 
difference  between  active  and  passive  operation, 
as  far  as  frequency  stability  is  concerned. 


Numerical  examples  given  in  the  text  show  that 
frequency  stability  of  a  passively  operated  maser 
of  classical  design  (TE0!]  mode  cavity  without  die¬ 
lectric  load)  should  be  1  -  2  x  10“'2  x  T-*'2 
when  operated  close  to  oscillation  threshold.  This 
is  only  a  little  worse  than  the  frequency  stability 
figure  of  4  x  10”*^  T-*'2  which  has  been  obtained 
with  well  designed  oscillating  masers  . 


13.  Conclusion  :  a  design  criterion 
for  passively  operated  masers 

As  a  result  of  the  reported  analysis,  it  ap¬ 
pears  that  the  power  spectral  density  of  frequency 
fluctuations  of  the  frequency  generator  slaved  to 
a  passive  maser  operated  at  optimum  conditions 
varies  roughly  as  KQc /a2  “  (KQcTj  T22l2)-1  as 
shown  by  equations  (52)  and  (65)  and  curves  c  on 
figures  14,15  and  17.  One  of  the  design  goals  of 
miniaturized  masers  should  then  be  to  make  this 
quantity  as  small  as  possible. 


Appendix  1 

Power  spectral  density  of  p^  and  p.,  representing 
thermal  noise 


Let  us  consider  the  microwave  cavity,  without 
atoms,  nor  any  coherent  field,  but  driven  by  the 
random  excitation  K  defined  by  equation  (4) .  The 
time  variation  of  tRe  microwave  cavity  field  is  then 
solution  of  the  following  differential  equation 


•  •  2  •  2 

Hi  +r  Hi +  “c  Hr 

c 


2w_ 


(A.  1) 


where  a  dot  represent  first  order  time  derivative, 
is  is  the  cavity  resonant  frequency,  T  is  the  cavity 
time  constant  which  is  related  to  the  cavity  quality 
factor  Qc  by  the  following  equation  : 


0)  T 
c  c 


2  Q„ 


(A.  2) 


If  S„  (as)  and  Su  (to)  denote  the  spectral  power  den- 
K1  Hn 

sities  of  H.  and  H  around  w  =  w  ,  respectively, 
we  have  : 


s„<»>  .[!.«/<£ -r>2]  S„<»>  (A 

1  c  e  _ 

2 

The  mean  quadratic  value  of  H.  is  then  H  given 
by  :  1 


r 

S  (<i))dw 
O  1 


2Q  SH 
c  n 


(A.4) 


2  . 

The  quantity  H  is  proportional  to  kT,  the  thermal 
noise  energy  stored  in  the  useful  cavity  mode.  It  is 
of  interest  to  compare  ifj2  to  the  energy  W  stored 
in  the  microwave  cavity  when  atoms  are  present  and 
when  the  microwave  field  Hj  is  given  by  equation  (1). 
It  is  easy  to  see  that  the  stored  energy  is  then 
proportional  to  b2/2.  The  proportionality  constant 
is  the  same  in  both  cases  because  we  are  dealing 
with  the  same  cavity  mode.  We  then  have  : 

2  H^/b2  -  kT/W  (A. 5) 

Energy  W  is  related  to  the  power  P  delivered  by 
atoms  to  the  loaded  microwave  cavity  according  to  : 


P  -  w  W/Q 
c  c 

Comparison  of  equations  (5) , 
gives  : 


S  /b 
pl 


S_  /b 


(A.6) 

(A.4),  (A. 5)  and  (A.6) 
-  4kT/P  (A.  7) 


Appendix  2 

Expression  of  the  power  delivered  to  the  loaded 
microwave  cavity 

The  total  energy  stored  in  the  loaded  micro¬ 
wave  cavity  is  W  given  by  : 


W 


I 

2M« 


0 

where  “  4tt  x  10  ' ,  V 
crowave  cavity  and  <  > 

the  squared  amplitude  of 
the  microwave  cavity. 


> 

cav 


(A. 8) 


is  the  volume  of  the  mi- 

is  the  mean  value  of 
cav  , 

the  magnetic  field  in 
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whence 


In  the. hydrogen  maser,  the  filling  factor  n  is 


defined  as  ^ 


<  B  >  ,  ., 

z  bulb 

2 

<  B  > 


(A. 9) 


where  <  Bz  is  the  mean  value  of  the  axial 

component  of  the  amplitude  of  the  magnetic  field, 
averaged  on  the  storage  bulb  volume. 

The  amplitude  b  is  such  as  : 

b  =  -  T  <  Bz  "bulb  <A-10> 

where  p  is  Bohr  magneton.  It  then  comes  : 

"  9  9 

V  -tT  b 
W  =  - r 

2yo  ^b  n 

With  equations  (A.6)  and  (17)  the  following  equa¬ 
tion  for  the  power  P  dissipated  in  the  loaded  cavity 
is  obtained  : 

l2 

(A. 1 1 ) 


D  1  „  b" 

P  =  2 


It  can  be  shown  that  equation  (A. 11)  is  also  valid 
for  the  rubidium  maser 

Another  useful  expression  of  P  is  the  follo¬ 
wing  : 


p  =  i*w0 


T1T2KQc  C0S  6 


1  j.  3/T2,  S 


1  Q0"KQ  COS_6 


(A. 12) 


where  tie  expression  of  the  saturation  factor  S 
(equation  38)  has  been  introduced.  Q  is  the  ato¬ 
mic  linewidth. 

Equations  (A. 11)  and  A. 12)  are  valid  for  acti¬ 
vely  and  passively  operated  masers  as  well. 

Appendix  3 

Rapid  derivation  of  equation  52 

If  one  admits  that  only  the  noise  component 
P2  sinwt  which  is  in  phase  with  the  coherent  exci¬ 
tation  H  provides  amplitude  noise  for  w  u  (this 
statement  is  proved  in  the  text),  one  has  :  0 


It  then  comes 


hQ(maser) 


(^2 

v 


,  2.1  0b,2 

2wo  <b  ^ 


Pa 

b 


(A. 13) 


(A. 14) 


One  finds  : 

2 

,3K2_  (l+S)4r(l+S)2-a  (2 -a+ 2S)  cos29l  ... 

!_■)  =  - - - — - — _a_  (A.  15) 

F  [(l+S)J-o  (2-a+ 2S  +  aS)  cos  9] 

One  can  check  that  equations  (A. 14),  A. 15),  (49) 
and  (7)  give  equation  (52). 

Appendix  4 

Relation  between  S  and  S 


We  have  : 


T1T2b2cos26 

*  Wo" 


(A. 16) 
(A. 17) 


S 


„  C  2. 

S  — r  cos  9 

°Go 


(A. 18) 


where  G  is  itself  a  function  of  S  given  by  equation 
(40),  and  G  a  function  of  S  specified  by  equa¬ 
tion  (41).  When  necessary  in  this  report,  numeri¬ 
cal  values  of  S  are  obtained  from  SQ  using  i)  curve 
c  of  figure  13  which  provides  cos^0  via  equation 
(37)  and  ii)  values  of  G  and  GQ  which  are  given 
on  figure  16. 
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Excitation 


Fig-i 

1  -  Schematic  representation  of  the  model  describing  the  behavior  of  a  maser. 
Coherent  excitation  is  applied  to  interrogate  atoms  in  the  passive  mode  of 
operation.  Thermal  noise  in  the  microwave  cavity  can  be  represented  by  a 
noise  generator. 


2  -  Variation  of  the  factor  f  (R)  as  a  function  of  RT  for  several  values  of  S  , 

E  o 

which  are  specified  within  parenthesis. 
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1 


2 


3 


Q/fert  (Hz) 


3  -  Variation  of  the  power  spectral  density  of  amplitude  fluctuations  in  a  hydrogen 
maser  with  Q  “47  000  and  S  “0.6. 

C  o 


Phase 

Shifter 


FFT  Spectrum  Analyzer 


Fig. 4 


4  -  Schematic  of  the  feedback  loop  which  allows  to  increase  the  quality  factor  of 
the  microwave  cavity,  and  consequently,  the  level  of  oscillation  of  the  maser. 
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51  Arbitrary  Units 


8  Q/2lt  (Ha) 


Comparison  between  recorded  and  calculated  (dotted  line)  spectral  densities  of 
amplitude  fluctuations  in  an  actively  operated  hydrogen  maser. 


F0  exp  (Hz) 


S^B.42  a 


S.  =7.59  t. 


6  -  Comparison  between  experimental  (F  exp)  and  theoretical  (F^  th)  frequencies  of 


Che  maximum  of  S  (ft) . 

c 
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seW 

Arbitrary  Units 


Variation  of  the  imaginary  part  of  the  complex  gain  versus  interrogating 
frequency  for  several  values  of  the  saturation  parameter  Sq,  and  for  a  =  0.5. 


02  0.4  0.6  0.8  1.0 


Values  of  the  saturation  factor  SQ  (for  to  =  which  optimize  frequency  sta 

bility  in  a  passive  maser.  Frequency  control  via  the  emission  line. 

Curve  a  :  maser  noise  considered  alone. 

Curve  b  :  receiver  noise  considered  alone. 

Curve  c  :  in  the  presence  of  maser  and  receiver  noises,  but 

with  F  =»  2  and  Q  /Q  ='2. 

ext  c 

See  remark  n°2  at  the  end  of  section  9.4. 


Fig.  13 


13  -  Values  of  which  optimize  frequency  stability  in  a  passively  operated 
maser.  Frequency  control  via  the  emission  line. 

Curve  a  :  maser  noise  considered  alone. 

Curve  b  :  receiver  noise  considered  alone. 

Curve  c  :  in  the  presence  of  maser  and  receiver  noises,  but  with 

F  =  2  and  Q  „/Q  =  2 
Xext  c 

See  remark  n°  2  at  the  end  of  section  9.4. 
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14  -  Power  spectral  density  of  fractional  frequency  fluctuations  hQ,  for  a  passi 
vely  operated  hydrogen  maser.  Frequency  control  via  the  emission  line. 

Curve  a  :  contribution  of  rraser  noise  when  operating  conditions 
are  optimized  for  maser  noise. 

Curve  b  :  contribution  of  receiver  noise  when  operating  contribu 
tions  are  optimized  for  rraser  noise. 

Curve  c  :  operating  contributions  are  optimized  for  maser  noise 
plus  receiver  noise. 

Vc  =  15.5  dm3  ;  n  =  2.8  ;  Qc  =  30  000,  Qext  =  60  000  and  F  =  2 
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15  -  Power  spectral  density  of  fractional  frequency  fluctuations  ho>  for  a  passively 
operated  n/drogen  maser.  Frequency  control  via  the  emission  line. 

Curve  a  :  contribution  of  receiver  noise  when  operating  conditions 
are  optimized  for  receiver  noise. 

Curve  b  :  contribution  of  maser  noise  when  operating  conditions 
are  optimized  for  receiver  noise. 

Curve  c  :  operating  conditions  are  optimized  for  maser  noise 
plus  receiver  noise. 

V  =  15.5  dm3  ;  q  =  2.8;  Q  =  30  000;  Q  =60  000  and  F  =  2 
c  x  ext 
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Variation  of  the  gams  G  and  Gq  when  operating  conditions  are  optimized 
for  maser  plus  receiver  gain  in  the  frequency  control  via  the  emission  line. 
Same  data  as  for  figures  14  and  15. 
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18  -  Values  of  the  saturation  factor  Sq  which  optimize  frequency  stability  in  a 
passively  operated  maser.  Frequency  control  via  the  dispersion  line. 

Curve  a  :  maser  noise  considered  alone. 

Curve  b  :  receiver  noise  considered  alone. 

Curve  c  :  in  the  presence  of  maser  and  receiver  noises,  but  with 
F  =  2  and  QexC/Qc  =  2. 

Remark  n°  2  at  the  end  of  section  9.4.  applies. 
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HYDROGEN  FREQUENCY  STANDARD  USING  FREE-INDUCTION  TECHNIQUE* 


Harry  T.M.  Wang 


Hughes  Research  Laboratories 
Malibu,  California 


Summary 

A  hydrogen  frequency  standard  using  the  free- 
induction  technique  is  described.  The  technique 
permits  the  use  of  compact  cavities  where  the 
oscillation  condition  need  not  be  met.  Unlike  the 
cw  method,  the  atom  transition  frequency  is  mea¬ 
sured  in  the  absence  of  external  stimulation  lead¬ 
ing  to  smaller  sensitivity  of  cavity  pulling.  The 
technique  also  provides  a  new  method  of  cavity  tun¬ 
ing  by  varying  the  stimulating  pulse  parameters. 

A  theory  of  operation  and  preliminary  experimental 
results  are  described. 

Key  Words 

Frequency  standard,  hydrogen  maser,  compact 
microwave  cavity,  free  induction. 


Introduction 

The  inherently  excellent  stability  charac¬ 
teristics  of  the  atomic  hydrogen  maser  frequency 
standard  are  well  known.  However,  the  conven¬ 
tional  maser  oscillator  is  a  relatively  bulky 
device  whose  size  is  governed  by  the  high-Q 
cavity  resonating  at  the  21-cm  maser  transition 
frequency.  There  is  considerable  interest  in  a 
compact  hydrogen  frequency  standard,  particularly 
for  spaceborne  applications  where  size  and  weight 
are  distinct  constraints.  This  interest  has 
stimulated  developments  in  compact  ca"ities  and 
methods  of  atom  interrogation.  At  present,  the 
characteristics  of  the  compact  cavities  are  such 
that  so.tained  maser  oscillation  has  not  been 
obtained.  Some  form  of  external  excitation  is 
therefore  required  for  operating  the  compact  hydro¬ 
gen  standard. 

A  method  for  atomic  interrogation^  is  to  use 
a  phase-modulated  cw  test  signal.  The  dispersive 
resonance  signal  is  coherently  detected.  The 
error  voltage  is  used  to  control  the  frequency  of 
a  crystal  oscillator  (VCXO)  from  which  the  test 
signal  is  synthesized.  There  are  disadvantages  to 
this  method.  Systematic  errors  can  arise  from  rf 
excitation  level  variations  and  from  drift  of  the 
phase-sensitive  amplifier  stages.  These  stringent 
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electronics  stability  requirements  for  the  cw 
method  can  be  relaxed  considerably  with  the  free- 
induction  technique  described  in  this  paper. 

Principle  of  Operation 

The  operation  of  a  hydrogen  frequency  standard 
using  the  free-induction  technique  can  be  summar¬ 
ized  with  the  aid  of  Fig.  1  as  follows.  State- 
selected  hydrogen  atoms  are  confined  in  a  storage 
bulb  placed  in  a  microwave  cavity  as  in  the  well- 
known  hydrogen  maser  oscillator.  The  atoms  are 
prepared  in  a  radiating  state  by  a  short  pulse  of 
microwave  radiation  at  the  atom  transition  fre¬ 
quency.  The  freely  decaying  atomic  resonance  sig¬ 
nal,  after  down  conversion  to  a  convenient  fre¬ 
quency,  is  counted  for  a  predetermined  number  of 
zero  crossings  set  by  signal-to-noise  and  decay- 
rate  considerations.  The  difference  between  the 
measured  frequency  and  a  preset  value  can  be  summed 
in  an  accumulator,  the  content  of  which  is  used 
with  a  digital-to-analog  converter  to  update  the 
frequency  of  the  slave  VCXO.  Alternatively,  a 
pulsed-phase-loek  loop  using  digital  phase  com¬ 
parators  can  be  employed.  In  either  case,  the 
receiver  must  be  designed  with  consideration  given 
to  the  nature  of  the  exponentially  decaying  signal 
as  well  as  to  the  voltage  transients  after  each 
repetitive  rf  excitation  pulse.  These  constraints 
are  not  encountered  in  the  cw  method. 

It  should  be  noted  that  the  responses  of  the 
a*-oms  to  pulsed  and  cw  stimulations  form  a  Fourier 
transform  pair.  Therefore,  spectroscopic  informa¬ 
tion  about  the  atoms  can  be  obtained  by  either 
technique.  The  fact  that  the  free-induction  signal 
is  observed  in  the  absence  of  a  stimulating  micro- 
wave  radiation  means  that  frequency  shift  caused  by 
cavity  detuning  would  be  much  smaller  compared  with 
a  cw  excited  standard.  The  practical  significance 
is  the  prospect  for  improved  long-term  stability  of 
the  standard  compared  with  that  for  an  oscillating 
maser,  which  is  limited  by  drift  of  the  cavity 
resonant  frequency. 

Theory 

To  understand  quantitatively  the  effects  of 
relaxation  phenomena  and  the  parameters  of  the 
stimulating  rf  pulse  on  the  operation  of  the  free- 
induction  hydrogen  standard,  it  is  necessary  to 
solve  the  density  matrix  rate  equation  describing 
the  system: 

o  o  o  o  © 

P  =  pflow  +  Prf  +  ^spin  exch  +  Prel  (l) 
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Fig.  1.  Schematic  of  a  hydrogen  standard  using  the  free-induction 
technique. 

O 

where  p  .  is  caused  by  relaxation  other  than  flow,  where 
rf  and  spin  exchange.  For  th£  field- independent, 

hyperfine  transition  in  the  ground-state  hydrogen  £  .  (rT  ,-i 

atom,  the  transition  of  interest,  the  general  11 

Eq.  (1)  reduces  to^  r“  Ti"'  ’V' 

r,Y,,Vl 


hi-  -2lm(x'  22-  *44 )  (2) 

hi  *-,r-'u0>  P24  *  (^22  '  ['-'^^22- ^44  >1 


are  longitudinal  and  transverse  relax¬ 
ation  times,  respectively,  as  a  result 
of  processes  other  than  flow  and  spin 
exchange  (such  as  wall  collisions  and 
magnetic  gradients) 


geometrical  storage  time 


B  =  - 


T„  = 


spin  exchange  relaxation  time 

V  H. 

"o  1 


2ft 


o  = 
X  = 
= 


is  the  interaction,  in  fre¬ 
quency  units,  of  the  atomic 
magnetic  moment  p0  with  the 
rf  magnetic  field,  coswt. 

H-H  spin  exchange  cross  section 

H-H  spin  exchange  shift  parameter 

free  atom  resonance  frequency. 


The  solution  of  Eq.  (2)  is  facilitated  by  trans¬ 
forming  to  a  rotating  coordinate  system.  Define 


P  "  (p22  -  p44) 


924 


=  (A  +  iB)e_lwt  , 


<4) 


where  A  and  B  are  slowly  time  varying  complex 
amplitude  components  of  the  oscillating  magnetic 
moment . 

Furthermore,  the  power  radiated  by  the  atom 
is  detected  by  the  field  induced  in  the  cavity. 
The  relationship  between  the  oscillating  moment 
and  the  induced  field  may  be  written  as3 


with 


x  =  2K(a  +  16) 

a  =  B  cos<J>  +  A  sin<j> 

6  =  -A  cosifi  +  B  siniji 


tan<f>  =  ^  (w  -  ujc) 


c 


(5) 


(6) 


(7) 


where  p,  Q  are  the  filling  and  quality  factors, 
respectively,  of  the  microwave  cavity  of  volume 
V  ,  and  I  is  the  total  flux  of  atoms  into  the 
storage  bulb.  Substituting  Eq.  (4)  through  (6)  in 
(2)  gives 

P  “  Y[f  -  +  Y'T_jP]  “  +  ®2)  C03<!1 

A  “  -  (r  +  Tjl-  -  KP  cos^A  - 

(6  +  wT  P  +  K?sin^)B  W 


r  + 


2T„ 


-  KP  costMB 


s^E 


+  (s  +  -  P  +  KP  siniji j A  ,  (8) 


4>V  , 


where  6  =  u  -w  . 

o 

The  experimentally  observed  quantitites  are 
the  "polarization,"  P,  and  the  "magnetization,"  M. 
If  we  define 


M  =Ja2  +  B2  e1^  (9) 

where  taniji  =  A/B,  Eq.  (8)  can  be  rewritten  as 


=  {f  -  i1  +  w}}  -  4km2  cos* 

=  -(r  +  2^-  -  KP  cos^M 


*  =  -  {  6  +  -j~  P  +  KP  sin,j> 
0  H 


(10) 


The  solution  of  the  nonlinear  Eq.  (10)  with  appro¬ 
priate  initial  conditions  describes  the  operation 
of  the  device.  However,  the  nonlinearity  makes  a 
general  solution  in  closed  form  impossible  to 
obtain.  Approximate  solution  in  the  special  case 
where  the  device  is  operated  well  below  the  thresh¬ 
old  of  oscillation  will  provide  significant  physi¬ 
cal  insight. 

Initial  Conditions 

The  atoms  are  prepared  in  the  radiating  state 
by  a  short  pulse  of  resonant  radiation  of  duration 
T  applied  at  time  t  »  -T.  During  the  pulse,  we 
have 


x  »  v,  r. 


(11) 


H 


and  since  the  stimulating  microwave  signal  can  have 
arbitrary  phase,  x  is  taken  to  be  real.  If  we  also 
assume  that  the  period  between  pulses,  T,  is  long 
compared  with  all  relaxation  times  and  precedes  the 
pulse,  the  system  has  reached  flow  equilibrium  so 
that 


A(-t) 

P(-T) 


B(-t)  -  0 

Y+  f 

H 


(12) 


Then,  the  solutions  of  Eq.  (8)  give  the  initial 
conditions 
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P(0)  =  —  (62  +  x2  cos  ar) 

a 

c0 

A(0)  =  — t  6  x  (1  -  cos  ar) 

2a 

B(0)  =?o  I  sin  aT  *  (13) 

2  2  2 
where  a  =  6  +  x  . 

Note  that  at  the  end  of  the  stimulating  pulse, 
the  power  radiated  by  the  atoms  is  proportional  to 

M2(0)  =  A2(0)  +  B2(0) 


The  signal  is  optimized  if  the  rf  frequency  is 
exactly  on  resonance  (i.e.,  6=0)  and  the  pulse 
amplitude,  x,  and  duration,  t,  are  adjusted  so  that 
XT  =  fi/2. 

Low  Flux  Solution 


In  the  limit  of  low  flux  where  the  device  is 
operated  well  below  threshold  for  oscillation, 
the  effect  of  radiation  damping  can  be  neglected. 
In  other  words,  the  power  feedback  factor  K  is 
negligible  compared  with  the  relaxation  rates 
(including  spin  exchange  collisions)  y'  =  y  + 


(1/T  )  and  I”  =  T  +  (i/2TH). 
can  be  rewritten  as 


In  this  limit,  Eq.  (10) 


P  =  y'(C  -  P) 
o 


M  =  T'M  .  (15) 

The  solution,  using  initial  l^nditions  given  by 
Eq.  (13),  is 

P(t)  =  Co  1-^1  -  *lt  *1  zos^j  e-Y't 


M(t)  “  %  h  (i)  (1  ■ cos  aT)2 


+  sin  ax 


(16) 


For  optimized  pulse  parameters  (6  =  0  and  xt  =  tt/2), 
these  solutions  are  simple  exponentials.  The  polar¬ 
ization  and  the  magnetization  approach  their 


equilibrium  values  at  rates  governed  by  the  longi¬ 
tudinal  and  transverse  relaxation  rates,  respect¬ 
ively,  as  expected. 

Cavity  Pulling 

After  the  stimulating  pulse,  although  the 
atoms  radiate  freely,  the  resonance  is  detected 
through  the  induced  electromagnetic  field  in  the 
cavity.  In  the  rotating  reference  frame,  the  reso¬ 
nance  condition  requires  that  the  phase  of  the 
magnetization,  ip,  be  stationary; 

O 

\p  =  0  . 

From  Eq.  (10),  this  condition  leads  to  the  cavity¬ 
pulling  relation 


6  =  KP 

(-sin  «  -  gj  > 

where 

v  vah 

m 

1 

C 

ThK  - 

"iQM*  vb 

V 

=  relative  velocity  of  colliding  atoms 

Vvb 

=  volume 

of  microwave  cavity  and  stor- 

C  U 

age  bulb. 

For  small  cavity  detuning, 


sinA  s  ta  *4  s  — ^  (u>  -  w  )  . 

to  o  c 
o 

It  should  be  noted  that, in  the  free-induction  case, 
the  polarization,  P(t),  is  a  function  of  time.  The 
cavity  pulling,  therefore,  depends  on  the  interval 
during  which  a  measurement  is  made.  The  average 
cavity  pulling  during  an  interval  (tj,  t2)  after  a 
stimulating  pulse  can  be  written  as 


P(t)dt  . 


(18) 


If  we  use  the  low  flux  solution  (16)  for  P(t)  with 
resonant  radiation,  6=0,  Eq.  (18)  becomes 


This  is  to  be  compared  with  the  cavity-pulling 


6  *  K 


7 

I £  (o,-a»)  -  f\  — f 
wo  C  °  *aJ  C2  “  el  J 
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relation  for  an  oscillating  maser 


All  reference  frequencies  were  derived  from  an 
oscillating  hydrogen  maser. 


(u)  -  w  ) 
c  o 


mX"j 

4oJ 


For  the  free-induction  case,  signal-to-noise  con¬ 
siderations  dictate  that  a  frequency  measurement  be 
made  in  an  interval  so  that  Y't2  -  ^  It  can  also 
be  shown  that  below  the  threshold  flux  for  oscilla¬ 
tion  k£q  <  T' .  From  Eqs.  (19)  and  (20)  we  have 


Equation  (19)  also  shows  that  the  conventional 
flux-modulated  spin-exchange  cavity-tuning  pro¬ 
cedure  can  still  be  applied  in  the  free-induction 
case.  In  addition,  a  new  method  of  cavity  tuning, 
by  varying  the  pulse  parameter  such  as  the  rf  level, 
is  indicated.  This  method  varies  the  angular  de¬ 
flection  9  of  the  atomic  spin,  which  for  resonant- 
stimulating  radiation  is  given  by  the  product  of 
the  Z-component  rf  field  amplitude  x  and  the  pulse 
duration  T. 


During  this  initial  experimental  test,  no 
attempt  was  made  to  close  the  phase  lock  loop  to 
obtain  an  operating  frequency  standard.  The  atten¬ 
tion  was  focused  on  the  physics  of  the  devices  as 
discussed  in  the  previous  section. 

In  an  earlier  experiment,  a  2-in.  i.d.  by 
4-in.-long  cylindrical  storage  bulb  was  used.  The 
free-induction  signal  decay  time  was  limited  to 
less  than  100  msec  and  the  signal-to-noise  ratio 
was  not  satisfactory.  Nevertheless,  the  equiva¬ 
lence  of  free-induction  and  cw  techniques  was 
demonstrated  as  shown  in  Fig.  2.  The  exponentially 
decaying  free-induction  signal  input  to  a  fast 
Fourier  transform  analyzer  is  shorn  on  the  left 
and  the  Lorentzian  output  on  the  right.  The 
signal-to-noise  ratio  improved  significantly  with 
multiple  pulse  averaging.  Unfortunately,  the  FET 
analyzers  on  the  market  do  not  have  the  desired 
frequency  resolution  capability  within  the  limited 
measurement  time  window. 
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Note  that  by  proper  choice  of  pulse  parameters 
and  measurement  interval,  the  second  bracketed 
term  of  Eq.  (19)  can  be  made  to  vanish, thus  elimi¬ 
nating  the  effect  of  cavity  pulling.  However,  the 
burden  is  shifted  to  keeping  the  pulse  parameters 
constant.  Conversely,  when  the  cavity  is  spin 
exchange  tuned,  variations  in  pulse  parameters  do 
not  cause  a  frequency  shift. 


Preliminary  Experimental  Test 


Experimental  test  of  the  free-induction  tech¬ 
nique  had  been  conducted  on  a  test  bed  maser  using 
compact  cavities  described  in  a  separate  paper  in 
this  symposium.^*  Storage  bulbs  of  various  dimen¬ 
sions  and  coatings  designed  to  fit  specific  cavi¬ 
ties  under  test  had  been  used.  Most  of  the  data, 
however,  were  taken  with  a  3-in.  i.d.  by  4-in.- 
long  quartz  cylindrical  bulb  coated  with  FEP 
Teflon  by  a  conventional  technique. 


PULSED  MASER  SIGNAL  AVERAGED  FOURIER  TRANSFORMS 


Fig.  2.  Lorentzian  lineshape  of  a  fast-Fourier- 
transformed  free-induction  signal. 


The  synthesized  rf  test  signal  was  gated  on 
and  off  periodically  using  a  pair  of  diode  switches 
connected  in  series  to  provide  isolation  of  about 
100  dB.  The  switches  were  driven  by  a  timing  oscil¬ 
lator  with  adjustable  repetition  rate  and  pulse 
duration.  A  variable  delayed  output  was  also  pro¬ 
vided  to  activate  the  zero  crossing  counter  that 
determined  the  atom  transition  frequency.  This 
delay  ensured  that  the  switching  transients  did  not 
interfere  with  die  resonance  frequency  measurement. 
The  rf  pulse  width  was  typically  about  5  msec  and 
off  for  about  three  signal  decay  time  constants. 

The  free-induction  atomic  signal  was  down  converted 
to  5.751  kHz  and  then  amplified  in  a  bandpass  fil¬ 
ter  with  a  3-dB  bandwidth  of  ~600  Hz.  This  rela¬ 
tively  large  receiver  bandwidth  was  designed  to 
improve  its  transient  response.  The  time  interval 
for  a  predetermined  number  of  zero  crossings  was 
measured  in  an  averaging  time-interval  counter  for 
multiple  pulse  measurement.  The  counter  output  was 
inverted  to  give  the  atom  transition  frequency. 


The  improved  signal  decay  time  obtained  with 
a  3-in.  i.d.  x  4-in.-long  cylindrical  quartz  bulb 
permits  quantitative  frequency  measurements  to  be 
made.  Figure  3  shows  an  oscilloscope  display  of 
the  down  converted  5.75  kHz  free-induction  signal. 
The  lower  trace  shows  the  input  to  the  time  inter¬ 
val  counter  for  1,000  zero  crossings.  The  bulb 
was  designed  to  have  a  storage  time  of  0.28  sec. 
The  observed  signal  decay  time  was  typically  0.18 
sec,  as  shown,  and,  of  course,  is  a  function  of 
the  flux  level.  The  resonance  frequency  monitored 
over  a  period  of  several  hours  is  shown  in  Fig.  4. 
The  time  interval  counter  was  set  at  100  sec  gate 
time.  Since  the  duty  cycle  (time  for  1,000  signal 
zero  crossings  divided  by  pulse  spacing)  was  only 
33%,  the  total  elapsed  time  was  300  sec  for  each 
counter  reading;  5  readings  were  taken  to  compute 
the  statistics  of  each  indicated  point. 

Figure  5  shows  the  measured  resonance  fre¬ 
quency  against  the  cavity  frequency.  The  dotted 
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Fig.  3.  Free-induction  signal  with  input  to 
the  average  time  interval  counter 
shown  in  the  lower  trace. 
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Fig.  4.  Free-induction  signal  frequency  moni¬ 
tored  over  an  interval  of  several  hours. 


line  represents  the  expected  cavity-dependent  shift 
if  sustained  oscillation  were  obtained  in  the  same 
cavity  (Q  =  7,000)  with  the  same  transition  line- 
width.  As  expected,  the  slope  for  the  free- 
induction  technique  is  substantially  smaller. 


Fig.  5.  Atom  transition  frequency  versus  cavity 
resonance  frequency.  Dotted  line  is  ex¬ 
pected  cavity  shift  for  an  oscillating 
maser  using  the  same  cavity. 
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Finally,  the  dependence  of  cavity  shift  on  the 
stimulating  rf  power  level  is  shown  in  Fig.  6.  For 
this  measurement,  the  cavity  was  purposely  offset 
by  amounts  equal  to  ±10%  of  its  half-power  band¬ 
width.  The  fluctuation  of  the  measured  frequency 
was  correspondingly  higher  as  a  result  of  the 
sensitivity  to  flux  variations.  A  third  case  where 
the  cavity  is  approximately  tuned  (at  varactor  bias 
of  7.5  V)  is  also  shown.  The  qualitative  agree¬ 
ment  with  theory  is  very  good. 


1 _ l _ I _ l 

31.9°  63  7°  90°  127° 

RF  LEVELS 

Fig.  6.  Cavity  shift  versus  rf  pulse  level. 
Cavity  was  purposely  offset  by 
about  one-tenth  cavity  width  for 
varactor  biases  of  5  and  10  V.  The 
cavity  was  approximately  tuned  at  a 
varactor  bias  of  7.5  V. 
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Conclusion 

These  initial  results  of  the  compact  hydrogen 
standard  using  the  f ree-induction  technique  are  en¬ 
couraging.  Although  significant  developmental  work 
needs  to  be  done,  particularly  in  the  area  of  sig¬ 
nal  processing  and  frequency  determination,  the 
results  indicate  the  feasibility  of  a  compact  hy¬ 
drogen  standard  with  excellent  long-term  stability. 
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Summary 

Progress  in  the  development  of  a  compact  and 
light  weight  cavity  resonating  at  1,420  MHz  for 
use  in  hydrogen  frequency  standards  is  reported. 
Features  of  the  cavity  include  reasonably  high  Q, 
a  good  filling  factor,  and  the  flexibility  of 
trading  off  the  desired  degree  of  compactness  for 
cavity  performance  parameters.  Design  theory  and 
experimental  tests,  including  tests  for  maser 
action,  are  described. 


cavity  not  occupied  by  the  experimental  medium. 

This  technique  has  been  successfully  applied  with 
sapphire**  as  the  loading  material.  The  relatively 
high  Q  obtained  with  this  technique  is  counterbal¬ 
anced  by  its  relatively  high  temperature  coeffi¬ 
cient  of  resonant  frequency  and  its  weight.  More¬ 
over,  material  limitations  may  make  it  difficult 
to  scale  up  the  useful  volume  for  atomic  hydrogen 
storage.  Thus,  wall  collision  relaxation  may 
severely  limit  the  atomic  transition  linewidth  and, 
consequently,  the  performance  of  the  standard. 


Key  Hords 

Frequency  standard,  hydrogen  maser,  microwave 
cavity. 


Introduction 


In  this  paper,  we  outline  a  theory  for  design¬ 
ing  compact  cavities  for  hydrogen  frequency  stand¬ 
ard  applications.  The  experimental  verification 
of  the  theory  on  a  prototype  cavity  is  described, 
followed  by  test  results  of  an  empirical  extension 
to  more  complicated  geometry  and  larger  hydrogen 
atom  storage  volume. 


This  paper  reports  on  the  progress  in  the 
development  of  a  compact  and  light  weight  cavity 
resonating  at  1,420  MHz  for  use  in  hydrogen  fre¬ 
quency  standards.  The  work  was  motivated  by  inter¬ 
est  in  a  compact  hydrogen  standard:  the  size  and 
weight  of  the  conventional  maser  is  limited  by  the 
high-Q  microwave  cavity.  Crampton1  has  constructed 
a  compact  cavity  for  spectroscopic  studies  at  cryo¬ 
genic  temperatures.  The  design  was  based  on  the 
empirically  successful  magnetron  resonator  theory.^ 

We  have  adopted  that  design  as  a  prototype  and 
have  conducted  further  development  to  make  it  more 
suitable  for  applications  in  hydrogen  frequency 
standards.  In  addition  to  reasonably  high  Q  and 
good  filling  factor,  the  design  allows  the  flexi¬ 
bility  of  trading  off  the  desired  degree  of  com¬ 
pactness  for  cavity  performance  parameters. 


An  independent  design  study  with  a  different 
approach  by  Peters^  produced  a  design  that  has  many 
similarities  to  the  cavities  discussed  in  this 
paper.  However,  there  are  also  significant  dif¬ 
ferences  since  they  are  based  on  very  different 
design  equations.  Another  way  to  reduce  the  size 
of  the  cavity  is  by  capacitive  loading  using  mate¬ 
rials  with  high  dielectric  constants  and  low  loss 
tangents  to  fill  all  or  part  of  the  volume  of  the 


Design  Theory 

The  atomic  hydrogen  frequency  standards  oper¬ 
ate  on  the  field-independent  hyperfine  transition 
in  the  ground-state  hydrogen  atom.  The  transi¬ 
tion  is  coupled  to  an  rf  magnetic  field  parallel  to 
the  axis  of  quantization,  and  preferably  there  is 
no  axial  variation  of  the  field  over  the  experi¬ 
mental  volume.  Conventionally,  a  high-Q  cylindri¬ 
cal  TEq, ,  mode  cavity  is  used  to  produce  the 
desired  field  configuration.  On  the  other  hand, 
this  field  configuration  can  also  be  produced  in  a 
cavity  of  the  geometry  shown  schematically  In 
Fig.  1.  It  consists  of  a  closed  metal  cylindrical 
shell  of  inner  diameter  2c  and  length  h  enclosing 
an  inner  concentric  metal  cylinder  of  the  same 
length.  This  inner  cylindrical  capacitor  is  2b 
o.d.  by  2a  i.d.  with  N  slots  (N  =  4  in  the  illus¬ 
tration)  of  width  d  each  milled  along  the  length 
of  the  cylinder.  The  cacpacitance  may  be  increased 
by  filling  the  slots  with  a  dielectric  of  thickness 
l.  The  material  is  chosen  to  have  a  high  dielec¬ 
tric  constant  and  a  low  loss  tangent.  Two  rf  mag¬ 
netic  field  lines  are  also  indicated. 

A  rigourous  solution  to  the  Maxwell  equations 
for  this  complicated  geometry  is  hard  to  obtain. 


*This  work  has  been  supported  by  the  Office  of 
Naval  Research  under  Contract  N00014-78-0139, 
administered  by  the  Naval  Research  Laboratory. 


**R.  Easton  and  his  coworkers  at  the  U.S.  Naval 
Research  Laboratory  have  designed  and  fabricated 
several  sapphire-loaded  cavities.  They  have 
kindly  supplied  us  with  one  for  experimentation. 
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Fig.  1.  Schematics  of  a  cavity  to  generate  field 

configuration  similar  to  a  TE0n  moc*e  field 
configuration. 

However,  the  empirically  successful  magnetron  reso¬ 
nator  theory^  has  shown  that  field  distributions 
could  be  approximately  matched  from  one  simple 
geometry  to  another  by  matching  the  complex 
admittances 
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admittances  are  equal.  The  weakness  of  the  method 
is  that  it  requires  that  the  configuration  of 
fields  along  the  path  AB  be  assumed.  For  example, 
for  the  geometry  shown  in  Fig.  1,  the  electric 
field  in  the  interior  region  r  <  a  is  chosen  to  be 
a  superposition  of  TE  ,,  nodes  with  coefficients 
so  that  the  electric  field  has  a  constant  value  E 
along  the  dielectric  surface  at  r  =  a  and  zero 
along  the  metal  surface  at  r  =  a.  The  electric 
field  in  each  slot  is  assumed  to  be  the  lowest- 
order  TE  rectangular  waveguide  mode  having  elec¬ 
tric  field  amplitude  E  at  the  (inner)  entrance  to 
the  slot.  With  this  choice  of  electric  field 
along  the  surfaces  bounding  the  two  regions,  the 
continuity  of  the  tangential  components  of  the 
electric  fields  across  that  surface  is  assured. 
Because  the  constant  electric  field  along  that  sur¬ 
face  is  not  an  exact  solution  of  the  Maxwell 
equations  for  that  geometry,  the  magnetic  fields 
determined  by  the  choice  of  constant  electric  field 
across  the  surface  are  not  continuous  but  match  up 
only  on  the  average  when  the  admittance  match  is 
satisfied.  The  simple  theory  is  useful  as  a  start¬ 
ing  point  for  empirical  design  improvements  or 
more  sophisticated  computer  modeling  studies. 

With  the  preceding  remarks  in  mind,  the  elec¬ 
tric  and  magnetic  fields  in  the  interior  region 
r  <  a  can  be  written  in  the  form 

“  .  .  J.  rkr)JPN<!> 

in  _  NEjJi  ST  /sin  PNij)\  ptrK  J 
’  IT  /_  \  pN<|i  }  J'  (ka) 

n=r— oo  ‘ 


where  Jpfj(kr)  is  the  pN  -order  Bessel  function  of 
argument  kr,  and  Jpfj(kr)  is  its  derivative  with 
respect  to  its  argument.  The  vacuum  radial  wave 
vector  k  satisfies  the  relation 


where  v  is  the  velocity  of  light,  and  w  is  the 
cavity  resonant  frequency.  Using  Eqs.  (1)  and  (2), 
we  obtain  the  admittance  at  the  slot  entrance  at 
r  =  a: 


where  the  path  of  integration  AB  and  the  length  h 
form  a  surface  connecting  the  two  simple  geomet¬ 
ries,  and  n  is  the  normal  to  that  surface.  Thg 

rjatch  consists  of  calculating  Y  for  the  field  E  and  Y  _j  Nh_  |  Jotka> 
H  for  each  of  the  two  simple  geometries  separately  ln  “0U  2,:a 

and  then  adjusting  the  parameters  so  that  the  two 
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Exterior  to  the  slots,  the  electric  field  is 
zero  at  r  =  b  at  the  metal  surfaces  and  also  at 
r  =  c.  It  is  assumed  to  have  a  constant  value  e  at 
the  dielectric  surfaces  at  r  =  b.  The  exterior 
electric  field  can  be  written  in  the  form 
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and  N  „(kr)  are  Bessel  functions  that  are  irregular 
at  the  origin.  The  admittance  at  the  slot  exit  at 
r  =  b  is 
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where  6  is  the  skin  depth  of  the  metal.  The  sur¬ 
face  integral  is  performed  over  all  metal  surfaces 
in  the  cavity  of  volume  Vc  containing  an  atom  stor¬ 
age  region  of  volume  V^. 

The  Prototype  Cavity 

From  the  previous  section,  it  is  seen  that  Hz 
in  the  interior  region  r  <  a  is  a  superposition  of 
the  TE-ii  inodes  in  which  the  relative  contribution 
of  higher  (non-2ero  p)  modes  is  quadratic  in  ka. 
Since  the  higher  modes  add  nothing  to  the  filling 
factor  of  an  azimuthally  symmetric  storage  volume 
but  do  contribute  to  ohmic  losses  at  the  cavity 
walls,  n’Q  is  degraded  as  ka  becomes  greater  than 
about  one-third.  Thus  it  is  advantageous  to  keep 
k  small,  and  from  Eq.  (3),  this  can  be  done  by 
choosing  the  length  h  so  that  n/h  is  slightly  less 
than  w  /v.  In  the  small  k  limit,  the  matching 
condition  expressed  by  Eq.  (7)  becomes 
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The  fields  in  the  slots  are  determined  by 
assuming  that  the  distribution  is  the  lowest-order 
TE  rectangular  waveguide  mode.  The  electric  field 
is  assumed  to  have  a  value  E  at  the  interior 
entrance  and  a  value  e  at  the  exterior  exit  of  each 
slot.  The  effects  of  matching  to  the  slot  fields 
can  be  understood  as  transforming  the  impedance  at 
one  end  of  the  slot  to  its  value  at  the  other  end. 
The  overall  admittance  match  becomes 


K  nK  (c2  -  b2)tan  Ki  -  Nd  (1  -  £ ) 
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where 
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The  approximate  expressions  for  the  Q  and  the  fill¬ 
ing  factor  n*  are 
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where  the  radial  wave  vector  K  in  the  slots  is 
by 


K 


2 


Nfoid+  (^-]  27T82  [l  +  £(§*  ^n2N+)] 


(7) 

Q=  — - - 

8D 

(id 

10h2  f^)  2 

,,Q'  8D 

given 

where 

(8) 

O 

and  c/e  is  the  dielectric  constant  of  the  material 
filling°the  slots. 
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Finally,  the  Q  and  the  fill  factor  n'  can 
be  computed  from  the  equations 


and  tan  6  is  the  dielectric  loss  tangent. 
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For  the  prototype  cavity,  the  parameters  were 
chosen  to  satisfy  Eq.  (10) .  The  ratio  of  the 
length  9.  to  the  width  d  of  each  slot  was  fixed  at 
roughly  equality  by  the  boundary  condition.  The 
width  was  made  as  large  as  it  was  to  hold  down 
ohmic  losses.  The  number  of  slots  was  chosen  to 
be  four  instead  of  one  so  that  each  slot  would  be 
about  one-fourth  as  wide  and  the  theoretical  pre¬ 
diction  of  the  resonant  frequency  would  be  more 
reliable.  Higher  order  mode  ohmic  losses  would 
also  be  less  because  there  were  one-fourth  as 
many  higher  modes.  Quartz  rods  were  used  to  fill 
the  slots  because  of  their  relatively  low-loss 
tangent  and  availability.  Figure  2  is  a  photo¬ 
graph  of  the  prototype  cavity.  The  design 
parameters,  as  well  as  the  measured  resonant 
frequency  and  loaded  Q,  are  given  in  Table  1. 

In  view  of  fabrication  tolerances  and  sensitivity 
to  imperfections  in  the  quartz  rods,  the  agree¬ 
ment  between  theory  and  experiment  is  very  good. 
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Figure  2.  Prototype  compact  cavity. 
Table  1.  Parameters  of  Prototype  Cavity 
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OESIGN  FREQUENCY: 

1420  MHz 

OUTER  CYLINDER  (2c  xh): 

3  625  IN  x  4.50  IN. 

CYLINDRICAL  CAPACITOR 

(2a  x  2b  x  h)  COMPUTED: 

2  054  IN.  x  2.577  IN.  x  4  50  IN. 

ACTUAL: 

2  060  IN.  x  2.562  IN.  x  4  50  IN. 

SLOT  ( j?x  d  x  h)/N: 

0  250  IN.  x  0  250  IN.  x  4  50  IN74 

DIELECTRIC: 

CLEAR  FUSED  QUARTZ 

QUALITY  FACTOR,  Q 

COMPUTED  (UNLOADED): 

4200 

MEASURED  (2  PORT  COUPLED): 

3200 

FILLING  FACTOR,  17*  (COMPUTED): 

.43 

Empirical  Extension 

The  observed  Q  of  the  prototype  cavity  is 
dominated  by  losses  in  the  slots  and  on  the  sur¬ 
faces.  Slot  losses  occur  when  the  cylindrical 
capacitor  runs  the  full  length  of  the  cavity  and 
the  continuity  of  the  rf  magnetic  field  lines 
requires  the  field  lines  to  squeeze  through  the 
slots.  The  resultant  high-current  density  leads 
to  proportionally  larger  ohmic  loss.  However,  if 
the  cylindrical  capacitor  ran  only  part  of  the 
length  of  the  cavity,  the  field  lines  could  close 
by  going  around  its  ends  thus  reducing  the  losses 
in  the  slots.  Surface  losses  can  be  reduced  by 
reducing  the  outside  diameter  of  the  cylindrical 
capacitor  except  at  the  boundries  of  the  slots. 

Thus,  a  four-slot  cylindrical  capacitor  could  be 
fabricated  from  four  equally  spaced  segments. 

Each  segment  is  fabricated  from  a  thin  copper 
sheet  bent  outward  along  the  length  on  each  side 
to  form  the  boundries  of  adjacent  slots,  as  shown 
in  Figure  3.  The  segments  are  attached  to  the 
Teflon-coated  quartz  storage  bulb,  which  provides 
the  necessary  mechanical  support.  Although  the 
design  Eq.  (10)  does  not  apply  directly  to  this 
more  complex  geometry,  it  was  found  empirically 
that  it  still  provides  a  useful  estimation  of  the 
parameters. 
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Figure  3.  Cylindrical  capacitor  for  a  6-in. 

i.d.  by  5-1/2-in.  length  cavity. 
Mechanical  support  is  provided  by  a 
3-in.  i.d.  quartz  storage  bulb  mounted 
on  one  of  the  cavity  end  plates. 


Furthermore,  the  prototype  cavity  had  been 
used  to  observe  the  ground-state  atomic-hydrogen 
hyperfine  transition  in  a  testbed  maser.  Storage 
bulbs  2-1/16-in.  diamemter  by  4-in.  long  with 
0.5  sec  design  geometrical  storage  time  were  fab¬ 
ricated  from  0.005-in.  type-A  FEP  Teflon  film. 
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The  observed  free-induction  decay  time  was  limited 
to  less  than  0.1  sec,  even  at  very  low  flux  levels. 
To  overcome  this  large  wall-collision  relaxation, 
the  obvious  solution  was  to  go  to  a  larger  storage 
volume.  Estimates  using  Eqs.  (10)  and  (11)  indi¬ 
cated  that  this  was  feasible  without  excessive 
sacrifice  in  the  overall  dimension  and  performance 
of  the  cavity.  Tests  were  made  with  several  cavi¬ 
ties  ranging  in  diameters  from  4  to  5  in.  with 
various  experimental  volumes  as  summarized  in 
Table  2. 

Table  2.  Compact  Cavities  with  Large 
Atom  Storage  Volume 


OUTER  CYLINDER  <2<xh)  * 

4  50IN  x  5 94  IN 

500  x  600 

600x556 

600x600 

600  x  6  00 

CYUNORICAt  CAPACITOR 

DIMENSION  It  O  xl) 

1  84  IN  x  4  00  IN 

3  09  x  4  00 

309x400 

400  x  4  00 

400  x  4  00 

SLOT  |jf  x  d)  (4) 

0.25  IN  x  035  IN 

055x0  75 

055  x  0  75 

055  x  1  »7 

055  x  130 

DIELECTRIC*  IT  xWxtl 
(SAPPHIRE! 

08x116*45 
(4  ROOS) 

08*56*45 
(4  ROOS) 

— 

19x  75*45 
(2  RODS) 

— 

RESONANT  FREQUENCY.  MHt 

1490 

1441 

1419 

1424 

1514 

0(2  PORT  COUPLEO)- 

•470 

6860 

7700 

7100 

6800 

‘IN  ADDITION  TO  QUARTZ  STORAGE  8UL0  WHICH  PROVIOEO  MECHANICAL  SUPPORT 


Several  cavities  also  were  subjected  to  tests 
for  maser  action.  The  features  of  the  design  can 
be  illustrated  with  the  results  obtained  with  the 
cavity  shown  in  Figure  3  and  summarized  in  Table  3. 
The  outer  cylinder  was  clear  fused  quartz,  silver 
plated  on  the  inside  surface,  6  in.  i.d.  by 
5-1/2  in.  long,  the  end  plates  were  mad=  of  rlumi- 
num.  The  storage  bulb  was  fabricated  from 
standard  clear  fused  quartz  tubing,  3-3/32  in.  o.d. 
by  0.06  in.  wall  by  4  in.  long.  The  design  geo¬ 
metrical  storage  time  was  0.28  sec.  The  bulb  was 
coated  conventionally  with  FEP  Teflon.  The 
cylindrical  capacitor  was  fabricated  from  0.02-in. 
copper  shims  and  attached  to  the  storage  bulb  using 
polystyrene  Q-dope.  The  four  identical  segments 
were  4  in.  long  and  spaced  11/16  in.  apart;  the 
slot  depth  was  one-quarter  inch.  No  dielectric  load¬ 
ing  other  than  that  provided  by  the  quartz  storage 
bulb  was  required  for  frequency  tuning.  Although 
the  validity  of  Eqs.  (10)  and  (11)  for  this  complex 
geometry  was  doubtful,  the  unloaded  Q  and  the  fil¬ 
ling  factor  were  estimated  using  Eq.  (11)  and 
found  to  be  10,000  and  0.57,  respectively.  The 
measured  loaded  Q  for  two-port  coupling  (coupling 
coefficient  6i  =  62  “  0.22)  was  7,500  and  the 
measured  filling  factor  n'  was  0.54.  The  cavity 
had  a  temperature  coefficient  of  14  kliz/'C,  which 
is  about  six  times  smaller  than  that  for  a 
sapphire-loaded  cavity  and  which  we  believe  can  be 
further  reduced  by  the  design  and  fabrication 
technique  of  the  cylindrical  capacitor.  For 


Table  3.  Test  Data  for  a  6-In  Cavity 


CAVITY  DIMENSION 

6  IN.  I.D.  x  5-1/2  IN.  LONG 

CYLINDRICAL  CAPACITOR 

4  SEGMENTS  OF  0  02  IN.  THICK  COPPER 

SHIM  MOUNTED  ON  QUARTZ  STORAGE  BULB 

SLOT  DIM 

1/4  IN.  DEEP  x  1 1/16  IN.  WIDE  x  4  IN.  LONG 

STORAGE  BULB 

3-3/32 O  O.  x  0  06"  WML  x  4"  LONG 
(COATED  WITH  FEP  TEFLON) 

Q  ESTIMATED 

10,000  (UNLOADED) 

MEASURED 

7500  (LOADED. 22) 

*1*  ESTIMATED 

057 

MEASURED 

054 

TEMP  COEFF 

14  KHj/°C 

ELECTRONIC  TUNING 

8  KHz/VOLT 

RANGE 

-1  CAVITY  WIDTH 

electronic  tuning,  a  varactor  reactance  tuner  with 
a  linear  tuning  range  of  about  one  cavity  width 
was  incorporated  (not  shown  in  Figure  3) .  The 
tuner  had  an  insignificant  effect  on  the  Q  of  the 
cavity  over  the  entire  linear  tuning  range.  The 
relatively  large  atom-storage  volume  provided 
good  signal-to-noise  ratio  as  well  as  the  desired 
narrow  transition  linewidth.  A  free  induction 
signal  with  a  0.18  sec  decay  time  constant 
observed  with  the  cavity  and  the  storage  bulb  is 
shown  in  Figure  4. 
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Figure  4.  Free-induction  signal  with  0.18  sec 

decay  time  constant  observed  with  the 
cavity  and  storage  bulb  shown  in  Fig¬ 
ure  3. 
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Conclusion 


The  progress  Co  date  toward  the  development  of 
a  compact  and  light  weight  cavity  suitable  for 
hydrogen  frequency  standard  applications  has  been 
encouraging.  The  expectations  of  the  approximate 
design  theory  were  achieved.  Undoubtly,  great 
improvements  will  be  made,  and  computers  could  be 
used  to  simulate  the  field  distribution  and  optimize 
the  design.  It  is,  therefore,  feasible  that  a  truly 
portable,  high-performance  hydrogen-frequency 
standard  will  soon  become  a  reality. 
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DESIGN,  CONSTRUCTION  AND  TESTING 
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The  construction  of  the  maser  is  shown  in 
Figures  1-  ,  which  show  the  assembly  of  the  com¬ 

ponents.  The  cavity  (Figure  1)  is  contained  in  a 
titanium  vacuum  tank.  The  cavity  cylinder  and 
endplates  are  clamped  in  a  holddown  can  (Figure  2) 
that  fastens  to  the  vacuum  tank  at  one  end,  thus 
isolating  the  cavity  from  the  deflections  of  the 
tank  walls.  Each  end  of  the  tank  is  supported  by 
a  thin-walled  titanium  neck  tube  that  provides 
radial  and  arial  support  and  thermal  isolation. 

The  vacuum  tank  forms  the  mechanical  base  for  the 
thermal  and  magnetic  control  systems.  Heaters  are 
wound  on  the  tank  cylinder  and  end  covers.  The 
entire  tank  is  coated  with  thermally  conductive 
epoxy  that  provides  a  smooth  cylindrical  mounting 
surface  for  the  magnetic  field  solenoids  and  mag¬ 
netic  shields.  Figure  3  shows  the  main  printed 
circuit  soleno-d  mounted  on  the  vacuum  tank,  with 
the  conical  endcaps  of  the  four  magnetic  shields 
visible  above  the  flange  that  joins  the  physics 
unit  to  the  vacuum  system. 


Summary 

We  have  designed,  built  and  tested  the  devel¬ 
opment  model  of  a  passive  hydrogen  maser  intended 
for  use  by  the  Naval  Research  Laboratory  (NRL)  in 
the  Global  Positioning  System  satellite  system. 

The  aim  was  to  build  a  maser  physics  unit  of  light 
weight,  small  size  and  low  power  consumption  that 
embodied  in  its  design  the  mechanical  ruggedness 
needed  for  space-qualified  hardware.  In  addition, 
the  development  model  was  designed  to  be  readily 
demountable  so  that  repairs  or  changes  could  be 
made  quickly  and  easily.  The  physics  unit  con¬ 
nects  to  a  vacuum  system  and  hydrogen  beam  source 
supplied  by  NRL.  In  the  course  of  this  work  we 
developed  a  new  method  of  RF  cavity  coupling 
derived  from  slotline  and  microstrip  techniques. 

Two  maser  physics  units  were  built,  operated 
and  delivered.  Each  is  8.0  inches  (20.3  cm)  in 
diameter  and  18.S  inches  (50.0  cm)  long,  and 
weighs  37.2  pounds  (16.92  kg). 

Maser  Design 

The  maser  employs  a  thick-walled,  dielectri¬ 
cally  loaded  cylindrical  sapphire  resonant 
cavity*"'’  designed  and  supplied  by  NRL.  We  coated 
the  cavity  with  silver  on  its  outer  surface  to  form 
the  electromagnetic  resonant  cavity,  and  with  Tef¬ 
lon  on  its  inner  surface  to  form  the  hydrogen 
storage  region.  The  first  maser  uses  a  FEP  Teflon 
sheet  liner  as  the  storage  surface,  while  the 
second  has  a  Teflon  coating  FEP  dispersion.  The 
RF  coupling  schemes  also  differ:  the  first  maser 
has  copper  cavity  endplates  and  coupling  loops 
surrounded  by  solid  Teflon  bulkheads,  while  the 
second  has  Teflon-coated  quartz  endplates  employing 
the  slot  coupling  technique. 

The  environment  of  the  resonant  cavity  is 
carefully  controlled.  The  cavity  is  mounted  so 
that  it  is  isolated  from  movements  of  the  vacuum 
tank  walls  caused  by  changes  in  temperature  or 
barometric  pressure.  Its  temperature  is  stabilized 
by  two  sets  of  servo-controlled  multi-zone  heat 
stations,  in  conjunction  with  foam  thermal  insula¬ 
tion.  The  hydrogen  interaction  region  is  shielded 
by  four  layers  of  magnetic  shields  designed  by  NRL, 
while  two  printed  circuit  solenoids  establish 
uniform  field  within  the  innermost  shield. 


The  cavity  is  thermally  coupled  to  the  vacuum 
tank  by  radiation  and  conduction.  Therefore  the 
primary  temperature  control  surface  is  the  vacuum 
tank,  whose  temperature  is  held  constant  at  approx¬ 
imately  38°C.  (The  exact  value  of  the  tank  tem¬ 
perature  is  adjusted  to  fine-tune  the  cavity's 
resonance  to  the  hydrogen  hyperfine  frequency.) 
Temperature  stability  is  achieved  by  isolating  the 
vacuum  tank  as  much  as  possible  from  outside  tem¬ 
perature  changes  and  by  maintaining  its  elevated 
temperature  by  means  of  feedbsck-conti oiled  heaters. 
Passive  isolation  is  accomplished  by  forming  the 
supporting  tubes  of  thin-walled,  low-conductivity 
titanium  alloy  and  by  surrounding  the  tank  wall 
with  several  layers  of  foam  insulation  that  sepa¬ 
rate  and  support  the  magnetic  shields;  active 
control  is  achieved  by  winding  heaters  on  the  tank, 
by  surrounding  the  tank  with  a  temperature- 
controlled  guard  oven  at  the  position  of  the  third 
magnetic  shield  (Figure  4),  and  by  connecting  all 
wires  and  coaxial  cables  that  leave  the  maser  to  a 
temperature-controlled  heat  station.  The  total 
power  dissipated  by  the  tank  and  oven  heaters  and 
the  control  electronics  (including  magnetic  field 
controller)  is  7.1  watts  at  an  ambient  temperature 
of  23°C.  The  temperature  stability  of  the  vacuum 
tank  is  estimated  to  be  ±.008°C  or  less. 


The  DC  magnetic  field  within  the  cavity  must 
be  spatially  uniform  and  temporally  constant. 
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These  goals  are  approached  by  several  means.  Four 
nested  molypennalloy  shields,  designed  and  supplied  by 
NRL4,  exclude  the  ambient  field  from  the  cavity.  The 
internal  longitudinal  field  is  established  by  a  sole¬ 
noid  made  in  the  form  of  a  multi-layer  printed  circuit. 
This  construction  eliminates  transverse  field  compo¬ 
nents  caused  by  non-cancelled  return  currents.  The 
shield  solenoid  contains  three  windings,  a  main  coil 
occupying  most  of  its  length  and  two  shorter  trim 
coils  that  remove  gradients  from  the  field  configura¬ 
tion.  Directly  beneath  the  field  solenoid  is  a  second 
printed  circuit  containing  the  Zeeman  coils  used  to 
measure  the  magnitude  of  the  magnetic  field  in  the  cav¬ 
ity,  and  a  set  of  Helmholtz  coils  that  can  be  used  to 
cancel  quadratic  variations  in  the  longitudinal  field 
pattern. 

The  outer  magnetic  shield  is  surrounded  by  addi¬ 
tional  foam  insulation,  and  the  entire  unit  is  con¬ 
tained  in  a  support  cylinder  (Figure  5)  that  carries 
the  mechanical  load  of  the  tank. 

Slot  Coupling  Technique 

The  RF  coupling  scheme  of  the  first  maser  has 
several  drawbacks.  The  large  thermal  coefficient  of 
expansion  of  the  copper  endplates  differs  from  that 
of  the  sapphire  cylinder  and  can  contribute  to 
temperature -induced  stress  changes  in  the  cavity. 

The  coupling  loops  are  outside  of  the  sapphire  cavity 
and  thus  do  not  sample  the  maximum  field  intensity, 
which  occurs  within  the  sapphire  dielectric.  Con¬ 
sequently,  only  small  values  of  the  coupling  factor 
are  attainable.  The  loops  are  of  necessity  formed 
of  small  diameter  wire  and  thus  lack  physical  rigidi¬ 
ty.  Finally,  the  endplates  are  isolated  from  the  hy¬ 
drogen  storage  region  by  bulkheads  machined  from  solid 
Teflon,  and  the  tubular  collimator  is  made  in  the  same 
way,  causing  those  parts  of  the  storage  surface  to  be 
of  uncertain  cleanliness  and  composition. 

To  provide  sufficiently  strong  RF  coupling  in  a 
mechanically  stable  design  we  developed  slot  coupled 
endplates  (Figure  6).  These  consist  of  quartz  discs 
coated  with  silver  using  printed-circuit  techniques. 

One  endplate  has  an  integral  quartz  collimator  tube 
and  an  uninterrupted  silver  coating.  On  the  second 
endplate,  we  created  sections  of  100  ohm  slotline  in 
the  silvered  surface  that  contacts  the  cavity,  and 
printed  sections  of  50  ohm  microstrip  conductor  on 
the'  opposite  face.  The  coupling  slots  are  separated; 
from  the  sapphire  only  by  a  thin  layer  of  Teflon  and 
thus  couple  well  to  the  RF  field;  by  adjusting  the 
dimensions  of  the  slots  we  achieved  coupling 
coefficients  between  0.1  and  0.5,  which  was  the 
desired  range.  The  quartz  and  printed  circuit  con¬ 
struction  is  inherently  rigid  and  stable,  minimizing 
the  possibility  of  change  in  the  coupling  factor  or 
cavity  frequency,  and  allows  the  Teflon  storage  sur¬ 
face  to  be  applied  directly  to  the  endplates  from  a 
dispersion.  Ultimately  the  endplates  could  be  made 
of  sapphire  to  match  exactly  the  thermal  characteris¬ 
tics  of  the  cavity  cylinder. 

Operation  and  Test  Results 

Cavity  characteristics.  The  silver-coated  cavi¬ 
ties  have  unloaded  Qs  of  1.5  x  104  and  1.7  x  104, 

(the  lower- Q  cavity  has  a  thinner  than  usual  silver 
•coating).  The  Q  of  an  uncoated  sapphire -cavity  cylin¬ 
der  enclosed  in  a  snug-fitting  brass  tube  with  copper 
endplates  is  1.7  x  104;  thus,  losses  in  the  silver 
coating  are  insignificant  compared  with  those  in  the 
sapphire  dielectric.  The  resonance  frequency  of  the 
cavity  changes  with  temperature  at  a  rate  of  approx¬ 
imately  50kHz  per  degree  Celsius. 


RF  coupling.  The  first  maser  uses  three  symme¬ 
trically  placed  loops  for  coupling  RF  power  into  and 
out  of  the  cavity,  each  of  which  has  a  coupling  factor 
B  .f  approximately  0.08.  The  slot-coupled  endplate  of 
the  second  maser  was  designed  for  stronger  coupling. 
Two  of  the  ports  have  8  =  0.15  while  the  third  has 
8  =  0.42.  The  different  values  of  8  were  achieved  by 
adjusting  the  lengths  of  th.  symmetrically  located 
slots. 

Magnetic  Shielding.  To  measure  the  maser's  mag¬ 
netic  shielding  factor  we  applied  an  external  field 
with  a  pair  of  four-foot  diameter  Helmholtz  coils  and 
observed  the  Zeeman  frequency  of  the  pulsed  atoms  to 
determine  the  resulting  magnetic  field  change  within 
the  cavity.  Because  of  their  small  size  and  novel 
design4,  the  magnetic  shields  are  particularly 
effective,  as  shown  below: 

AHext  <°e>  *»ext 

0.19  4.0  x  104 

1.5  6.1  x  104 

Hydrogen  Atom  Storage  Time.  The  maser's  receiver 
will  lock  a  local  oscillator  to  the  atomic  resonance 
frequency.  The  stability  of  the  lock  depends  upon  the 
narrowness  of  the  atomic  resonance  Af|  which  is  deter¬ 
mined  by  the  total  transverse  relaxation  rate  I/T2: 


Thus  a  large  value  of  the  storage  time  T2  is  desirable. 

We  measured  the  storage  times  of  both  masers  with 
several  storage  surface  coatings  by  observing  the  free 
induction  decay  of  the  signal  produced  by  the  hydrogen 
atoms  when  put  in  a  radiative  state  by  a  short  pulse 
of  RF  power  at  the  hyperfine  frequency.  The  free  in¬ 
duction  signal  was  displayed  on  an  oscilloscope  (Fig¬ 
ure  7)  and  compared  with  a  calibrated  exponentially 
decaying  trace  to  determine  the  value  of  T2. 

The  original  storage  surface  in  the  first  maser 
consisted  of  the  solid  Teflon  bulkheads  covering  the 
copper  endplates,  and  a  cylindrical  type  L  Teflon 
sleeve  cemented  to  the  inner  surface  of  the  cavity 
cylinder.  The  collimator,  which  was  machined  from 
solid  Teflon  and  was  integral  with  one  of  the  bulk¬ 
heads,  was  1.5  inches  (3.81  cm)  long  and  0.14  inches 
(.36  cm)  in  diameter,  while  the  cavity  storage  region 
was  5.43  inches  (13.8  cm)  long  and  1.75  inches 
(4.44  cm)  in  diameter.  These  dimensions  give  a  calcu¬ 
lated  geometrical,  or  bulb,  storage  time  T^  of  0.31 
seconds.  Assuming  that  all  relaxation  not  due  to 
atom  loss  from  the  storage  region  is  caused  by  relax¬ 
ation  cn  the  walls,  we  have 


where  1/TW  is  the  wall  relaxation  rate.  The  measured 
values  of  T2  were  between  40  and  50  msec,  giving  a 
wall  storage  time  Tw  =  60  msec.  This  implies  a  prob¬ 
ability  of  wall  relaxation  per  collision,  p,  of 
approximately  2.5  x  10"4,  which  is  roughly  2.5  times 
greater  than  the  values  of  p  commonly  measured.  To 
investigate  whether  the  large  relaxation  rate  was 
caused  by  the  cement  used  in  the  cavity  liner  or  by 
the  presence  of  machined  Teflon  we  disassembled  the 
maser  and  replaced  the  storage  surfaces.  We  inserted 
a  new  type  l  liner  sleeve  assembled  by  heat  welding, 
and  covered  the  bulkheads  with  closely  fitting  discs 
of  the  same  material.  The  inner  surface  of  the  col¬ 
limator  was  not  changed.  The  reassembled  maser  again 
had  a  total  storage  time  of  40  to  50  msec.  Because 
the  liner  cement  was  eliminated  from  the  cavity  and 
the  area  of  solid  Teflon  storage  surface  was  greatly 
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reduced,  this  xesult  suggests  that  the  excess  wall  re¬ 
laxation  is  due  to  the  sheet  Teflon. 

Slot  coupling  endplates  were  installed  in  the 
second  maser.  The  collimator  tube  was  0.200  inches 
(0.S1  cm)  in  diameter  and  1.5  inches  (3.81  cm)  long, 
giving  a  geometrical  storage  time  of  0.11  seconds. 

The  inside  surfaces  of  the  cavity  cylinder  and  of  the 
collimator,  and  the  faces  of  the  endplates,  were  coated 
with  FHP  Teflon  from  a  dispersion.  The  total  storage 
time  of  the  maser  was  measured  at  SAO  by  observation 
of  the  free  conduction  decay,  which  gave  a  value  of 
T2  =  80  msec,  and  at  NRL  by  observing  the  absorption 
of  an  RF  signal  transmitted  through  the  cavity.  The 
absorption  linewidth  of  3  Hz  gives  a  storage  time  of 
88  msec,  which  is  consistent  with  the  decay  measure¬ 
ment.  Using  T2  =  80  msec  and  Tj,  =  112  msec  we  find 
Tw  =  280  msec,  and  p  =  S.2.  x  10-5,  a  very  low  value 
of  relaxation  probability. 

Conclusion 


The  passive  masers  described  here  are  small, 
lugged,  light  weight,  low-power  frequency  standards 
whose  design  makes  them  adaptable  to  space  applica¬ 
tions.  The  slot  coupling  technique  provides  a 
convenient  and  mechanically  stable  method  of  RF 
cavity  coupling,  and  permits  the  use  of  a  storage 
coating  that  gives  excellent  relaxation  rates. 
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1.  Sapphire  cavity  with  copper  endplates  a'li'd' epoxy-coated  vacuum  tank. 


Fig  2.  Assembly  of  cavity  holddown  can.  Solid  teflon 
collimator  is  visible  at  center  of  near 
end  of  cavity. 


Fig  3.  Magnetic  field  solenoid  installed  on  vacuum 
tank.  Support  tube  is  visible  at  top,  conical 
magnetic  shield  endcaps  at  bottom. 
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Fig.  4  Assembly  of  thermal  guard  oven. 


Fig.  5  Assembly  of  outer  support  cylinder. 


Fig.  7  Simultaneous  oscilloscope  traces  of 

maser  free  induction  decay  and  calibrat¬ 
ed  exponential  signal. 
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Abstract 

A  compact  passive  hydrogen  maser  with  many 
unique  features,  including  a  significant  reduction 
in  size  over  previous  hydrogen  masers,  is  des¬ 
cribed.  It  uses  the  passive  mode  of  operation, 
thereby  permitting  use  of  a  small  microwave  TE^ 

cavity  which  is  dielectrically  loaded  by  a  low-loss 
alumina  (A1203).  The  cavity  is  14.6  cm  O.D.  and 
13.7  cm  high,  weighing  only  4.4  kg.  The  unloaded 
cavity  Q  factor  is  about  6000.  With  a  conventional 
source,  hexapole  state  selector,  and  4  magnetic 
shields  the  volume  of  the  entire  11-maser  resonator 
package  is  only  about  20  SL. 

The  teflon  coated  quartz  bulb  which  is  common 
in  other  masers  has  been  replaced  by  a  teflon 
coating  on  the  inside  wall  of  the  cavity.  This  has 
yielded  a  simpler  design  and  more  rugged  H-maser 
package.  The  technique  for  the  application  of 
liquid  emulsion  FEP  120  is  discussed. 

The  cavity  and  attached  endcaps  comprise  the 
vacuum  envelope,  thus  allowing  use  of  a  single 
vacuum  system.  The  dimensional  stability  of  the 
ceramic  cavity  under  barometric  changes  is  suffi¬ 
ciently  within  the  range  of  the  electronic  cavity 
servo  that  a  second  vacuum  system  is  not  needed. 
For  temperature  control,  a  single  oven  is  located 
in  the  magnetic  shield  nest. 

The  electronics  for  this  small  passive  hydro¬ 
gen  maser  is  very  similar  to  that  previously  deve¬ 
loped  at  NBS.  Preliminary  measurements  on  a  proto¬ 
type  small  maser  system  yield  a  frequency  stability 

of  approximately  oy(t)  =  6.6  x  10  12  i  1  to  at 
least  one  day,  with  a  measurement  bandwidth  of  1 
kHz. 

Introduction 

The  construction  details  of  a  small,  passively 
operated  hydrogen  maser  are  presented.  The  concept 
of  the  passive  maser  was  introduced  in  order  to 
obtain  better  long  term  stability  than  that  seen 
using  active  maser  designs. 1  ’ 2 ’ 3  A  quartz  oscillator 
is  locked  to  the  hyperfine  resonance  using  a  design 
reminiscent  of  optical  pumping  and  atomic  and 
molecular  beam  devices.  Two  important  requirements 
of  conventional  oscillating  masers  have  been  re¬ 
laxed:  (1)  A  relatively  high  cavity  Q  (needed  for 
oscillation),  (2)  excellent  cavity  frequency  sta¬ 
bility  as  a  function  of  temperature,  pressure, 
voltage,  and  time.  The  second  point  is  possible 


because  in  the  passive  mode  of  operation  one  has 
the  ability  to  lock  the  frequency  of  the  cavity  to 
the  H  resonance.  Passive  electronics  has  been 
successfully  deployed  on  a  conventional  full  size 
maser. 1,2,3  The  development  of  this  new  elec¬ 
tronics  makes  possible  a  reevaluation  of  the  design 
parameters  used  in  the  maser  (the  so-called 
"physics  package"). 

The  maser  works  on  the  magnetic  dipole  tran¬ 
sition  of  the  ground  state  of  free  hydrogen  atoms 
contained  in  a  storage  volume.  Figure  1  shows  the 
F  =  0  and  F  =  1  states  as  a  function  of  applied 
magnetic  field.  This  hyperfine  transition  in 
hydrogen  has  a  frequency  of  1420405751.77  Hz.  RF 
interrogation  of  the  hydrogen  atoms  at  this  fre¬ 
quency  takes  place  within  a  teflon  coated  storage 
volume.  This  wall-coating  typically  permits  the 
hydrogen  atoms  to  bounce  2  x  104  times  within  this 
volume  before  loosing  their  phase  relative  to  the 
RF  magnetic  field. 

In  order  to  achieve  high  filling  factors  the 
instantaneous  RF  magnetic  field  needs  to  be  singly 
directed  over  the  entire  hydrogen  storage  volume.4 
With  the  use  of  low  loss  alumina  dielectric  ma¬ 
terial,  one  can  develop  cavity  designs  which  yield 
small  size  and  relatively  high  filling  factor  over 
a  given  volume.  The  cavity  design  used  here  is  a 
right  circular  cylinder  of  low-loss  ceramic  with  a 
bore  down  the  central  axis  and  a  silver  jacket  on 
the  outside  surface.  The  ends  are  capped  witj" 
A1203  plates.  The  closed  central  bore  is  the 
hydrogen  storage  volume.  Along  with  good  filling 
factor  this  geometry  has  the  benefit  of  good  sym¬ 
metry  about  all  axes  of  the  RF  magnetic  field  in 
the  storage  volume.  The  m°de  is  used.  In 

this  new  design  the  microwave  cavity  therefore 
forms  the  vacuum  envelope  and  storage  volume.  With 
currently  available  dielectric  materials  this  is 
only  made  possible  because  of  the  passive  elec¬ 
tronic  scheme. 

Passive  Maser  Electronics 

Figure  2  shows  a  block  diagram  of  the  elec¬ 
tronics  used  in  previous  work  with  a  full  size 
hydrogen  maser.  The  same  scheme  was  deployed  in 
the  small  maser  described  here.  A  thorough  expla¬ 
nation  of  the  operation  of  the  servo  system  is 
described  in  references  1,  2,  and  3.  The  interro¬ 
gation  (exciter)  signal  at  1420  MHz  which  enters 
the  cavity  is  phase  modulated  at  two  frequencies, 
fl  and  f2.  Frequency  fl  is  a  high  frequency  (12 
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kHz)  phase  modulation  component  used  to  probe  the 
hydrogen  cavity.  Modulation  component  £2  is  used 
to  probe  the  hydrogen  resonance.  Figure  3  shows 
the  spectrum  of  the  exciter  signal.  This  FM  spec¬ 
trum,  after  going  through  the  cavity,  then  contains 
amplitude  modulation  components  at  frequencies  fl 
and  f2.  The  transmitted  microwave  signal  is  enve¬ 
lope  detected  to  recover  fl  and  f2  amplitude  modu¬ 
lation  components.  Phase  sensitive  (synchronous) 
detectors  are  referenced  to  fl  and  f2  and  are  used 
respectively  to  (1)  determine  the  cavity  frequency 
relative  to  the  probe  frequency,  and  (2)  determine 
the  probe  frequency  relative  to  the  narrow  hydrogen 
resonance.  First,  a  correction  signal  is  applied 
to  the  quartz  oscillator  which  generates  the  probe 
frequency  so  that  it  is  centered  on  the  hydrogen 
resonance.  Second,  the  cavity  is  tuned  so  that  it 
is  centered  symmetrically  about  the  probe  fre¬ 
quency. 

Concept  of  the  Dielectrically  Loaded  Cavity 

Figure  4  shows  a  development  sequence  of  the 
small  cavity  design.  Most  masers  use  a  conven¬ 
tional  TEQjj  mode  microwave  cavity  with  approxi¬ 
mately  a  diameter  of  21  cm  and  a  length  of  about  50 
cm.  The  lumped  constant  equivalent  circuit  for 
such  a  cavity  consists  of  an  inductance  L  in  series 
with  a  capacitance  C  in  series  with  a  resistance  R. 
The  insertion  of  a  dielectric  which  affects  the 
propagation  constant  e  will  increase  C,  thus  de¬ 
creasing  the  frequency  of  the  cavity.  The  overall 
dimension  of  the  cavity  can  then  be  reduced  to 
compensate  for  the  added  dielectric.  Symmetry, 
dielectric  constant,  overall  dimension  and  filling 
factor  are  then  traded  against  each  other  to 
achieve  a  given  geometry.  The  effect  of  the  fre¬ 
quency  of  the  TEqjj  mode  needs  to  be  factored  into 

the  design  at  this  stage.  Solving  for  the  fre¬ 
quency  requires  the  solution  to  a  boundary  value 
problem  involving  a  differential  equation  des¬ 
cribing  the  electromagnetic  propagation  within  the 
cavity.  The  dielectric  loading  of  the  cavity 
affects  the  electric  field;  the  RF  magnetic  field 
(which  excites  the  atoms)  is  pinned  to  the  defined 
orientation  of  the  electric  fields  within  the 
cavity.  It  is  possible  to  choose  a  cavity  bore 
diameter  so  that  the  oscillating  axial  H-field  does 
not  reverse  sign  in  this  region.  Consequently,  the 
inside  bore  can  substitute  for  the  conventional 
storage  bulb  with  little  compromise  in  the  fil’ing 
factor. 

Details  of  the  Fabrication  of  the  Cavity 

The  small  hydrogen  maser  uses  a  ceramic  cavity 
(Al203)_of  AD-99.5  which  has  a  loss  tangent  less 
than  10  4.  Using  a  silver  coat  which  is  fired  on 
the  outside  surface  of  cavities  cut  to  1.42  GHz  has 
yielded  unloaded  Q's  of  typically  6,000.  The 
silver  solution  used  is  Englehard  Industries' 
//A-2405.5  This  solution  consists  of  silver  sus¬ 
pended  with  a  glass  frit  in  a  binder  solution.  The 
entire  solution  is  first  thinned  with  1*5  cm3  tol¬ 
uene  to  5  grams  of  A-2405.  This  mixture  is  stirred 
and  immediately  loaded  into  a  miniature  spray  gun. 
This  solution  is  sprayed  directly  on  the  cylinder 
outside  surface  until  a  black  matte  finish  is 


achieved.  The  solution  is  allowed  to  dry  for  10 
minutes,  after  which  time  the  coated  cylinder  is 
loaded  into  a  firing  furnace.  The  firing  furnace 
has  a  temperature  profile  which  brings  the  cylinder 
up  to  600°  C  in  about  2  hours,  and  the  cylinder 
soaks  for  10  minutes  at  600°  C.  Cooling  to  room 
temperature  takes  about  4  hours. 

The  cooling  rate  should  not  be  too  short.  It 
is  relatively  easy  to  form  hairline  cracks  in  the 
ceramic  cylinder  due  to  non-uniform  cooling.  This 
does  not  appear  to  be  as  much  of  a  problem  during 
heating. 

The  cylinder  is  covered  on  both  bottom  and  Lop 
so  that  stray  silver  paint  which  is  blown  inside 
the  furnace  is  not  redeposited  on  the  inside  wall 
of  the  cylinder,  nor  on  the  top  and  the  bottom. 
The  procedure  for  coating  the  silver  must  be  re¬ 
peated  three  times  in  order  to  achieve  sufficiently 
high  Q's,  i.e.,  spray-dry-fire,  spray-dry-fire, 
spray-dry-fire.  If  a  cylinder  is  improperly 
coated,  no  satisfactory  method  exists  for  removing 
faulty  coats  other  than  grinding  the  finish  off 
using  a  lathe  designed  for  ceramic  grinding.  There 
is  a  deterioration  of  the  ceramic  loss  tangent  due 
to  the  diffusion  of  the  glass  frit  in  the  silver 
paint  through  the  ceramic.  Normally,  after  three 
fires  the  glass  has  not  noticeably  deteriorated  the 
Q  of  the  cavity;  however,  after  six  or  seven  fires 
deterioration  becomes  apparent  and  Q's  of  below 
5,000  are  observed. 

Figure  5  shows  the  silver-coated  ceramic 
cylinder  alongside  two  storage  bulbs  used  in  con¬ 
ventional  full-size  masers.  The  cylinder  is  ap¬ 
proximately  14  cm  O.D.,  10  cm  I.D.,  and  15  cm  long. 

The  disks  which  seal  the  open  ends  of  the 
cylinder  are  similarly  fired  with  three  silver 
coats.  Each  ceramic  disk  or  endcap  is  cut  to  a 
thickness  of  6.35  mm  and  a  diameter  equal  to  the 
outside  diameter  of  the  cylinder.  One  of  the 
endcaps  has  a  6  mm  hole  centered  in  it  for  the 
collimator  which  determines  the  relaxation  rate  of 
the  storage  volume.  It  is  only  necessary  to  coat 
the  surface  of  each  of  the  endcaps  which  face  the 
cylinder. 

At  this  point,  the  cavity  is  tuned  to  the 
hydrogen  resonance  at  1.420  GHz  for  an  oven  tem¬ 
perature  of  45°  C.  The  tuning  of  the  cavity  is 
accomplished  by  grinding  both  the  length  and  inside 
bore  of  the  ceramic  cylinder.  Each  end  of  the 
cylinder  is  first  ground  flat  to  0.01  mm.  This 
requires  usually  that  about  0.05  to  0.1  mm  be  taken 
off  each  end.  Grooves  are  ground  into  each  end 
which  resemble  an  0-nng  gland  with  a  depth  of 
penetration  of  6.35  mm  and  width  of  3  mm.  These 
grooves  are  used  as  RF  mods  suppressors.  No  RF 
current  flows  axially  in  the  desired  mode  (TEqjj), 

but  undesired  modes  do  require  axial  RF  currents 
which  are  suppressed  by  this  gap  due  to  the  groove 
in  the  outside  electrical  boundary  3t  the  endcaps. 
The  frequency  sensitivity  due  to  changing  length  of 
the  cylinder  is  obout  400  kHz  per  mm.  The  cylinder 
frequency  is  now  checked  using  the  RF  slots  located 
midway  between  top  and  bottom  of  the  cylinder  and 
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on  opposite  sides.  The  TEq^  mode  is  readily 

identifiable  by  its  high  Q  and  cylindrically  sym¬ 
metric  field  lines.  The  resonant  frequency  of  the 
cavity  should  be  about  1.422  GHz  at  room  tempera¬ 
tures  for  operation  in  an  oven  20°  above  room 
temperature,  since  the  cavity  frequency  coefficient 
is  100  kHz  per  degree  centigrade.  An  increase  in 
the  temperature  causes  a  decrease  in  the  resonant 
frequency.  The  increase  in  the  inside  diameter  of 
the  cylinder  is  computed  using  a  cavity  frequency 
coefficient  of  +4  MHz  per  0.1  mm  of  diameter 
change.  The  grinding  operation  may  require  several 
steps  in  order  to  come  close  to  1.422  GHz.  If  the 
resonant  frequency  is  cut  too  high,  then  the  oper¬ 
ating  oven  temperature  may  be  increased  to  compen¬ 
sate. 


A  single  oven  is  used  to  control  the  tempera¬ 
ture  of  the  cavity.  Temperature  determines  a 
coarse  frequency  adjustment  for  the  cavity  and 
sensitivity  is  -100  kHz/°C.  The  oven  is  located 
between  the  second  and  third  magnetic  shields  and 
it  is  shown  in  fig.  9.  It  is  an  aluminum  cylinder 
with  four  equally  spaced  6Q  titanium  heaters  run¬ 
ning  the  length  of  the  cylinder.  Two  precision 
thermistors  with  stabilities  of  about  several  mK 
per  year  are  thermally  attached  to  the  aluminum 
cylinder.  One  thermistor  used  for  the  oven  con¬ 
troller  is  located  near  one  of  the  titanium 
heaters.  The  second  thermistor,  located  midway 
between  two  heaters,  is  used  as  a  monitor. 

Teflon  Coating  Technique 


With  the  properly  cut  cavity  with  a  silver 
coat  and  two  endcaps  each  silver  coated,  the  cavity 
has  a  symmetric  TEqjj  resonance  at  1.422  GHz. 

Symmetry  of  the  resonance  over  ±10  MHz  is  better 
than  3  dB.  A  spurious  mode  high  in  frequency  by 
about  30  MHz  is  down  by  30  dB  or  more  and  has  very 
low  Q  due  to  the  grooves  which  are  cut  at  the  top 
and  bottom  ends. 

Figure  6  shows  a  mechanical  drawing  of  the 
maser  and  a  picture  of  the  complete  (sealed)  ca¬ 
vity.  A  copper  plate  with  a  slotted,  threaded 
bushing  provides  a  method  of  fastening  a  semi-rigid 
coax  line  to  the  cavity  sidewall.  The  end  of  the 
coax  terminates  in  an  RF  coupling  loop  which  pene¬ 
trates  a  slot  in  the  ceramic  cavity.  A  nut  tight¬ 
ened  down  on  the  bushing  causes  it  to  compress  down 
to  the  diameter  of  the  coax.  This  collet  action 
allows  straightforward  adjustment  of  coupling 
factor.  The  receiver  link  is  near  critical  coupl¬ 
ing,  whereas  the  exciter  link  has  a  coupling  co¬ 
efficient  below  0.1. 

The  cavity  is  centered  lengthwise  inside  the 
first  magnetic  shield  using  plastic  foam  at  each 
end  of  the  cavity.  An  aluminum  disc  is  used  at  the 
bottom  end  for  added  strength.  The  C-field  is 
wound  on  a  mylar  form  located  just  inside  the  first 
magnetic  shield,  and  extends  along  its  entire 
length  (see  fig.  7).  The  windings  are  one  turn  peL 
centimeter  and  are  wound  from  top  to  bottom  to  top 
in  a  double  helix.  In  this  way  the  tilt  of  the 
axis  of  the  C-field  due  to  the  coarse  pitch  of  the 
individual  helical  windings  is  subtracted  out.  Two 
single  turn  loops  are  located  at  opposing  faces  of 
the  C-field  mylar  cylinder  for  excitation  of  the 
Zeeman  transition. 

There  arc-  a  total  of  four  magnetic  shields 
concentrically  spaced  one-half  inch  apart  in  a 
nest.  The  magnetic  shields  are  fabricated  in  two 
halves  joined  together  at  the  waist  with  a  5  cm 
wide  overlap  jo*.nt.  The  uniformity  of  the  C-field 
was  measured  using  a  rubidium  magnetometer.  Re¬ 
sults  showed  a  homogeneity  of  at  least  i  0.5  nT  (± 

5  pG)  (the  resolution  of  the  magnetometer)  at  an 
ambient  field  of  10  nT  (10C  pG).  an  axial  magnetic 
shielding  coefficient  of  1.5  x  10s  was  measured 
using  these  shields.  Figure  8  shows  the  bottom 
halves  of  the  tour  nested  shields  with  cavity  and 
C-field  coil  in  place. 


The  conventional  hydrogen  maser  uses  a  quartz 
storage  bulb  which  is  coated  with  teflon.  The 
characteristics  of  hydrogen  wall  relaxation  depend 
on  the  technique  of  teflon  application  and  the  type 
and  purity  of  teflon.6  In  the  small  passive  maser, 
no  quartz  bulb  is  used  and  the  teflon  coat  is 
applied  directly  to  the  inside  wall  of  the  ceramic 
dielectric.  This  is  possible  because  the  phase  of 
the  axial  component  of  RF  magnetic  field  does  not 
reverse  in  the  hydrogen  storage  volume,  but  rather 
reverses  inside  the  dielectric.  The  teflon  coat 
serves  two  purposes.  The  first  is  to  provide  a 
surface  which  minimally  perturbs  the  phase  of  the 
hydrogen  atoms;  the  second  is  to  vacuum  seal  the 
endcaps  to  the  main  cylinder. 

The  teflon  coat  is  made  using  Dupont  FEP  120 
emulsion.5  FEP  120  resins  in  solution  normally 
contain  50  percent  water  and  about  8  percent  triton 
X-100  stabilizer.  The  stabilizer  tends  to  (1)  keep 
solid  teflon  uniformly  dispersed,  and  (2)  lower  the 
surface  tension  by  acting  as  a  wetting  agent.  The 
liquid  emulsion  is  mixed  at  38  percent  FEP  120  to 
52  percent  1120  to  10  percent  triton  X-100.  This 
new  solution  yields  a  thinner  coat,  slower  initial 
drying  phase,  and  better  wetting  of  the  ceramic 
surface  than  the  original  solution. 

Tile  liquid  teflon  is  applied  to  the  ceramic 
endcaps  with  a  polypropelene  squeeze  bottle.  The 
surface  is  uniformly  wetted  and  allowed  to  dry 
under  a  heat  lamp  for  about  fifteen  minutes.  The 
endcap  is  placed  in  a  kiln  with  a  heat  rise  of 
about  6  K  per  minute.  Pure  oxygen  is  flowed 
through  the  kiln  during  the  heating  cycles.  FEP 
120  is  fused  by  melting  at  a  temperature  of  360°  C. 
Aluminum  foil  is  placed  around  the  endcap  to  de¬ 
flect  direct  radiant  heat  from  the  kiln's  heating 
elements.  The  rate  of  heating  as  one  approaches 
360°  C  is  important  because  the  high  thermal  mass 
of  the  ceramic  causes  the  ceramic  endcap  to  lag  the 
temperature  of  the  kiln.  Thus,  fusing  of  the 
teflon  first  takes  place  at  the  outside  surface  of 
the  teflon,  trapping  stabilizers  and  other  impuri¬ 
ties  within  the  teflon.  In  order  to  avoid  this  the 
rate  of  temperature  increase  should  be  reduced  to 
approximately  lK/min.  Three  coats  of  teflon  are 
applied  to  the  ceramic.  This  lowers  the  probabi¬ 
lity  that  microscopic  r racks  will  increase  the 
effective  surface  area  and  that  ceiaraic  may  he 
exposed  at  the  bottom  of  such  ciarks.  Subf.iquent 
coats  of  teflon  are  applied  by  usin:,  the  previous 


mix  and  allowing  the  solution  to  dry  to  a  very  thin 
overlayer.  Milky  lumps  of  teflon  may  tend  to  form 
but  this  is  of  no  consequence.  After  an  initial 
dry,  the  teflon  solution  is  reapplied,  wetting 
is  more  pronounced,  and  the  lumps  dissolve.  The 
surface  then  dries  as  before  in  a  uniform  thin 
film,  and  the  same  kiln  temperature  cycle  is  used 
After  the  first  coat  the  surface  has  a  matte 
finish.  By  the  third  coat  the  surface  is  glazed 
and  clear. 

The  application  of  the  teflon  mix  on  the 
cylinder  wall  is  very  similar.  It  is  useful  to 
mount  the  cylinder  in  a  lathe  so  that  it  can  be 
rotated  slowly  while  the  liquid  solution  rolls  on 
the  inside  wall.  The  wall  is  first  uniformly 
wetted,  then  removed  from  the  lathe  and  allowed  to 
stand  so  that  'the  liquid  can  drip  to  one  end  and 
the  solution  allowed  to  dry.  Glass  endcaps  fitted 
with  tubes  which  go  ocX  of  the  kiln  are  placed  on 
the  top  and  bottom  of  the  cylinder  during  the  oven 
cycle  so  that  oxygen  can  be  flowed  through  the 
inside  bore  of  the  cylinder.  Here  the  oxygen 
serves  two  purposes:  (i)  to  oxidize  the  stabi¬ 
lizer,  and  (2)  to  keep  the  outside  surface  of  the 
teflon  cool  relative  to  the  temperature  of  the 
heating  ceramic  cylinder.  This  is  done  to  insure 
that  fusing  first  begins  at  the  teflon-ceramic 
boundary.  A  thermocouple  is  mounted  in  one  of  the 
RF  slots  of  the  cavity  to  monitor  the  temperature 
profile.  Three  coats  of  teflon  are  applied  to  the 
inside  wall  of  the  cylinder.  Teflon  coats  can  be 
removed  by  increasing  the  oven  temperature  to  about 
650°  C. 

Small  Hydrogen  Maser  Source 

The  source  for  the  small  hydrogen  maser  is  a 
conventional  design.  A  tank  of  hydrogen  loaded  to 
about  20  atmospheres  pressure  is  fitted  with  a 
regulator  and  mechanical  PZT  leak  valve.  From  the 
PZT  valve,  hydrogen  enters  the  dissociator  bulb.  A 
manometer  pressure  transducer  (capacitance  type) 
measures  the  pressure  difference  between  the  hydro¬ 
gen  inlet  to  the  dissociator  bulb  and  the  rest  of 
the  maser  vacuum  system,  i.e.,  that  portion  of  the 
system  on  the  outside  of  the  collimator  of  the 
bulb._  The  discharge  bulb  is  typically  40  p  bar  (.3 
x  10  2  Torr).  An  electronic  servo  system  controls 
the  flow  of  hydrogen  by  comparing  the  output  of  the 
manometer  gauge  with  a  preset  value  and  providing  a 
correction  voltage  to  be  applied  to  the  PZT  valve . 

In  the  preparation  of  the  5  cm  O.D.,  6  cm 
long,  cylindrical  dissociator  bulb,  no  etching 
solution  such  as  chromic  acid  is  used.  The  bulb  is 
formed  with  a  fire-polish  finish  on  the  inside 
surface.  The  collimator  has  bore  dimensions  of 
.304  cm  length  x  .030  cm  diameter.  After  fabri¬ 
cation  of  the  bulb,  it  is  epoxied  in  a  hole  in  a 
staiuless  steel  eonflat  baseplate  located  at  the 
bottom  of  the  hydrogen  maser  vacuum  system.  This 
is  shown  in  tfce  mechanical  drawing  of  fig.  10.  The 
piass-to-epoxy-to-stainless  interconnection  is  made 
at  a  point  on  the  stainless  plate  where  a  thin 
membrane  has  been  cut  to  yield  to  differing  expan¬ 
sion  coefficients. 


A  cylindrical  aluminum  cover  bolts  onto  the 
stainless  eonflat  and  protects  the  dissociator 
bulb.  The  cover  carries  the  dissociator  elec¬ 
tronics.  The  RF  source  used  in  the  discharge  is  a 
155  MHz  crystal  controlled  oscillator  followed  by 
two  buffer  amplifiers  and  a  30  watt  LSI  power 
module  made  by  TRW.5  The  RF  source  electronics 
draws  no  more  than  15  watts  of  power;  about  8  watts 
is  delivered  to  the  discharge.  Measurements  indi¬ 
cate  that  one  source  bottle  of  H2  should  last  more 
than  four  years  under  normal  operating  conditions. 

Small  Hydrogen  Maser  Vacuum  System 

The  stainless  steel  vacuum  flange  carrying  the 
hydrogen  source  is  bolted  to  the  underside  of  a 
tubular  vacuum  system  of  a  total  length  of  25  cm. 
The  state  selector  hexapole  magnet  is  supported  by 
the  flange.  Two  20  1/s  vac-ion  pumps  flank  the 
hexapole  state  selector  and  are  used  to  pump  away 
the  off-axis  beam  atoms.  A  separate  20  l/s  vac-ion 
pump  evacuates  the  top  portion.  Its  function  is  to 
pump  away  the  scattered  unfocused  states  in  the 
beam  as  well  as  to  pump  those  atoms  which  have 
escaped  from  the  cavity.  Pump  lifetime  is  esti¬ 
mated  at  10  years.  A  diaphragm  separates  the 
source  region  from  the  cavity  region.  A  small 
tubulation  in  the  center  of  the  diaphragm  maintains 
a  20  to  1  pressure  difference  between  these  two 
regions.  This  tubulation  does  not  affect  the  beam. 

Note  that  no  vacuum  system  is  used  on  the 
outside  of  the  cavity.  Barometric  changes  cause 
only  a  kHz  or  so  change  in  cavity  tuning  which  is 
fully  compensated  and  corrected  by  the  cavity  servo 
system. 

figure  11  shows  a  picture  of  the  so-called 
"physics  package"  of  the  small  maser.  The  receiver 
front  end  and  first  conversion  through  a  doubly- 
balanced  mixer  to  an  IF  frequency  of  20  MHz  can  be 
seen  underneath  the  outside  magnetic  shield. 
Contained  here  also  is  the  cavity  tuning  scheme 
described  in  ref.  1  and  shown  in  the  block  diagram 
of  fig.  2. 

Frequency  Stability  l^'z 

Figure  12  shows  the  two-sample  oy(t)  data  for 
the  first  small  maser  versus  NBS-6,  one  of  our 
primary  cesium  standards.  The  length  of  the  data 
set  allowed  a  determination  of  frequency  stability 

-  _L 

out  to  one  day  of  6.6  x  10  12  T  .  Also  shown  is  a 

frequency  stability  of  2  x  10  12  T  ^  of  the  full- 
size  passive  maser  using  similar  electronics. 
Currently  under  test  is  a  second  small  maser  which 
exhibits  improved  cavity  vacuum  performance  and  a 
better  teflon  wall  coating.  The  first  small  maser 
yielded  a  hydro, gen  linewidth  of  4.5  Hz.  The  second 
maser  yields  a  1.6  Hz  linewidth.  From  linewidth 
and  signal-to-noise  considerations  a  factor  of 
approximately  5  improvement  in  frequency  stability 
is  expected. 

The  frequency  change  of  the  small  maser  for_a 
2  dB  increase  in  excitation  power  was  2  ±  2  x  10  13 
while  doubling  the  hydrogen  source  pressure  re¬ 
sulted  in  a  frequency  shift  of  2  ±  4  x  10  13. 
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Fractional  frequency  stabilities  of  10  15  for  long 
periods  of  time  (t  >  100,000  s)  appear  possible. 

Conclusion 


We  have  described  the  details  of  a  small, 
passive  hydrogen  maser  using  a  dielectrically 
loaded  microwave  cavity  with  integral  storage  bulb 
and  vacuum  container.  Frequency  stability  of  6.6  x 

“  _L 

10  12  t  "*  has  been  observed  using  this  first  de¬ 
vice.  The  linewidth  of  a  new  small  maser  has  been 
improved  by  a  factor  of  3  to  1.6  He.  Based  on  the 
linewidth  and  signal-to-noise  we  expect  a  factor  of 
approximately  5  improvement  in  frequency  stability. 
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Fig.  1.  Magnetic  hyperfine  tran¬ 
sition  of  hydrogen  atom,  and 
maser  schematic. 


rig.  3. 


FM  spectrum  of 
exciter  signal 


142  GHz 


<l.4t.GHz 


« 1.42  GHz 


H-fieid  is  pinned  by  the 
the  perturbed  E-field 


A  geometry  is  chosen  so  that 
the  oscillating  H-fidd 
does  not  reverse  sign  in  the 
open  bore 

No  bulb  is  needed  to  confine 
the  interrogated  atoms  to  a 
volume  of  non-reversing  H-field 


Fig.  4.  Dielectric  loading  of 
TEq1]  mode  cavity  allows  a  reduction 
in  size. 
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Fig.  5.  Size  comparison  of  the 
dielectrically  loaded 
cavity  with  storage  bulbs 
of  typical  full  size  masers. 


C-field  coil 


Ceramic  dielectric 
RF  coax  with  loop 


Ceramic  endcap 


Aluminum  standoff 


Foam 

Insulation 


Ceramic  endcap. 
Oven  heater 


Magnetic  shields 


Fig.  6. 

Portion  of  a  mechanical  drawing 
showing  cavity  and  shield  assembly 
and  picture  of  cavity  collet 
which  accepts  semi-rigid  coax  loop. 


(B) .  C-field  coil. 


(C) .  Bottom  of  first 
magnetic  shield. 


(A) .  Aluminum  standoff 
(top)  and  degauss 
strap. 


Fig.  7. 

Assembly  of  maser  parts  inside  first 
magnetic  shield. 


Fig.  8.  Picture  showing  nested 
shields  and  sidewall  coax 
KF  coupling. 


Fig.  9.  Oven  heater  which  fits 
between  second  and  third 
magnetic  shields. 


10.  Mechanical  details  of 
source  and  vacuum  system. 


Fig.  11.  Complete  maser 
"physics  package". 


Fig.  12. 

Frequency  stability  of  small  and 
full  size  passive  masers. 
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Summary 

The  present  work  describes  a  new  improved 
technique  for  the  passive  H  servo  loops  consist¬ 
ing  in  the  use  of  a  single  modulation  frequency 
and  phase  discrimination  for  the  separation  of 
the  cavity  and  K  line  error  signals.  The  cavity 
resonance  is  interrogated  with  the  "absorption 
lock"  technique  and  the  H  resonance  with  the 
"dispersion  lock"  technique.  Preliminary  measu¬ 
rements  of  the  frequency  stability  obtained  by 
comparison  of  two  passive  H  masers  are  also 
reported. 


Introduction 


In  the  past  two  modulation  frequencies 
have  been  used  for  the  servo  control  of  the 
maser  cavity  tuning  and  the  frequency  lock  to 
the  atomic  resonance. *  The  simultaneous  use 
of  two  modulation  frequencies  leads  to  certain 
practical  difficulties  due  to  the  interaction 
of  the  two  control  signals  (Appendix  I).  The 
method  described  here  overcomes  these  problems 
by  using  a  single  modulation  frequency,  an  ab¬ 
sorption  lock  for  cavity  tuning  and  a  dispersion 
lock  for  the  atomic  resonance. 

Absorption  and  Dispersion  lock 

In  the  passive  H  maser  the  error  signals 
for  the  cavity  and  H  line  are  derived  from  a  di¬ 
rect  detection  of  an  R.F.  spectrum.  This  situa¬ 
tion  is  different  from  that  occurring  in  other 
atomic  frequency  standards,  like  Cesium  and  Ru¬ 
bidium,  which  are  based  respectively  on  a  direct 
or  optical  detection  of  atoms.  Simple  expressions 
for  the  error  signal  with  RF  detection,  are  not 
available  and  are  given  here.  Following  the  typ¬ 
ical  frequency  lock  loop  diagram,  illustrated  in 
Fig.  1,  the  resonance  is  interrogated  by  a  pure 
single-tone  phase  modulated  signal.  The  RF  out¬ 
put  is  analysed  by  the  envelope  detector,  the 
band-pass  filter  centered  on  the  modulation  fre¬ 
quency  (.%) ,  the  phase  sensitive  detector  and 
the  integrator.  For  the  more  widely  used  frequen¬ 
cy  locks,  the  modulation  frequency  (wm)  is  less 
or  approximately  equal  to  the  resonance  half¬ 
width  (Y)  as  shown  in  Fig.  2.  We  call  this  lock 
an  "absorption  lock",  because  the  error  signal 
is  due  to  the  interaction  of  the  carrier  and 


sidebands  with  the  resonance.  There  are  also  some 
examples  of  frequency  locks,  like  those  jsed  in 
superconducting  cavity^  or  quartz  resonators^ 
frequency  lock  loops,  which  use  a  modulation  fre¬ 
quency  (tom)  much  greater  than  the  resonance  width 
(y),  as  shown  in  Fig.  3.  This  has  been  called  a 
"Dispersion  Lock".  In  this  case,  only  the  carrier 
can  interact  with  the  resonance,  while  sidebands 
are  unaffected.  The  resonance  is  detected  by  mea¬ 
suring  the  reflected  signal. 

Absorption  lock 

A  simple  mathematical  analysis  of  the  error 
signal  can  be  made  using  the  steady  state  or 
Fourier  method,  considering,  for  simplicity,  only 
the  carrier  and  the  first  sidebands  of  the  interrog¬ 
ation  signal,  a  square-law  detector  and  a  linear 
system.  Alternatively  the  error  signal  can  be  ob¬ 
tained  from  inspection  of  the  vector  diagram  shown 
in  Fig.  4. 

The  error  signal  (E),  after  the  envelope 
detector  and  the  filter  at  frequency  u>m,  is  found 
to  be  : 

E  =  2xJ  (m)J  (m)[A  £(«  )+D  A(w  )]  (1) 

o  1  uomomJ 

e(w  )  =  (A  -A  )cos  w  t  +(D,  +  D  )sin  a)  t 

A(w  )  =  (D  -D  )cos  u)  t  -(A,  +  A  )sin  «  t 
m  +  -  m  +  -  m 


where  e(w  )  and  A (w)  represent  the  AM  contribution 
obtained  by  the  projection  of  the  rotating  vec¬ 
tors,  appearing  in  Fig.  4,  respectively  along  the 
carrier  and  the  quadrature  component, 


the  input  signal  V  =  V  cos  (wt+m  sin  u  t); 

A  ,  A  ,  A_  represent  tfie  real  part  of  rathe  norma¬ 
lized  resonance  response  : 

Y2 

A(a>)  =  — 2 — 7 - (2) 

Y  +((0-0) 


calculated  respectively  for  the  carrier  frequency 
(w),  and  the  upper  and  lower  sideband  frequencies 
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to  +  w  ,  w-m  ;  D  ,  D.,  D  are  values  of  the 

.  .  m  m.  q  .  +  “ 

imaginary  part  or  the  resonance  response  : 

D(w)=  r^HLZJ£oL  (3) 

Y2+(w-tOQ)2 


calculated  for  the  same  previous  frequencies; 
Y  and  w  are  respectively  the  resonance  half¬ 
width  and  center  frequency.  The  phase  angle 
(0)  of  the  error  signal  (E) ,  for  near  tuning 
condition  and  referred  to  cos  w  t,  is  given 
fay  :  2y<o 

6  =  arctan  — z— (4) 
w  ~Y 
m  1 

For  small  error,  differentiation  of  eq.(l) 
with  respect  to  the  modulation  frequency  u)  , 
shows  that  maximum  error  signal  is  obtaineS 
when  : 


W  =  Y 
m 


and  the  maximum  error  signal  is 


E  =  2  JQ(m)J1(m)  .  — 


The  inconveniences  of  this  type  of  lock 
are  evident  for  H  line-width  of  about  1  Hz. 
The  limitation  w  implies  long  servo  time 
constant  and  imposes  severe  restrictions  on 
the  flicker  of  phase  noise  generally  present 
in  the  electronics  at  this  low  modulation 
frequency. 


A  quantum-mechanical  calculation  is  needed. 

We  start  from  a  system  of  differential  equations 
describing  the  R.F.  field  in  the  cavity  (F) , 
the  population  difference  (W)  and  the  coherence 
(M)  of  a  two  level  system. ^  We  calculate  the 
total  response  (cavity  +  atoms)  to  a  monochromatic 
input  signal  of  amplitude  0  r0  and  frequency  «,  by 
solving  the  system  : 

r  M  =  i  b  W  F 
2 

T  F  =  -ibM  +  6r0 

2  _L  *  * 

W=y  (MF-HF)  (9) 

1 

where,  following  mostly  the  notations  given  in 
reference  (4), 

T  =  y  -i(M-t>)  ),  F  =  8-i(w-«  ),  Y  is  the 
22  a  c  c  2 

transverse  relaxation  rate  corresponding  to 
the  resonance  half-width  Y  used  previously,  Yi  is 
the  longitudinal  relaxation  rate,  w  is  the  atomic 
resonance  frequency,  0  and  w  are  respectively  the 
cavity  half-width  and  resonant  frequency,  I  is  the 
beam  flux  in  the  upper  energy  level  of  the  H  atom 
and  b  is  defined  by  the  Rabi  frequency  bF.  The  so¬ 
lution  of  the  system  (9)  gives  the  steady  state 
value  for  the  complex  field  F  in  the  cavity  : 

P2  Bro  (10) 

F  =  - 

r,  r  -b2w 

2  c 


Dispersion  lock 


For  a  general  dispersion  lock 
(i.e.  oj  »  y)  and  resonance  detection  in 
reflection  mode,  the  reflected  signal  is 
properly  described  by  : 

R  =  J  A  [cos  wi.  +  D  sin  wt]  + 


J,  cos(w+w  )t  -  J,  cos(w+w  )t 
1  ml  m 


After  detection  and  filtering  the  error 
signal  (E)  is  given  by  : 


l+s(w) 

and  s(w),  the  saturation  parameter  is  defined  by  : 


s(w)  = 


4b  F  F  _  Y2 

Y1Y2  Y2  +(w_w  )2 

a 


It  is  convenient  to  write  eq.  11  in  the  form  : 

-  V  BY2  ,,, 


E  =  2  J  (m)  J.  (n.)D  -2  J  (m)J.(m)— 

o  1  o  o  1  Y 


The  same  result  can  be  obtained  by  an  analy¬ 
sis  of  the  vector  model  shown  in  Fig.  5. 

The  main  advantages  of  this  technique  are  : 
no  upper  limit  for  the  modulation  frequency 
(w  ) ,  possibility  of  fast  servo  loop  also 
with  very  narrow  resonance, flicker  free 
electronics  due  to  the  high  modulation  fre¬ 
quency  allowed  and  wider  servo  acquisition 
range  associated  with  the  broad  response  of 
the  dispersion  curve. 

H  Dispersion  lock 


where  Z  =  1  corresponds  to  the  oscillation  limit 
and  Z  <  1  to  the  passive  maser  operation.  From 
eq.13,  Z  has  the  meaning  of  a  normalized  popula¬ 
tion  difference.  Solving  for  the  real  and  the 
imaginary  part  of  F  (F  =  Ar+iA^>,  we  obtain  : 


Y  2  2  ( 1  -  Z ) + (u>-ua )  [w-a)a+  -p  («-uc )] 

r  [Y2(l-Z)]2+[w-u>a+j~  (w-«c)] 

Y2[(w-wa)Z+p-(u)-wc)] 

A.  - - - - —  •  l 

1  [Y2(l-Z)]2+[<u-w  ^ +— (u-u  )] 

“  P  C 


ro  (14) 


Passive  H  maser  response  to  a  mono¬ 
chromatic  input.  The  general  idea  of  ab¬ 
sorption  and  dispersion  lock  can  be  ap¬ 
plied  to  the  passive  H  maser.  However  we 
cannot  use  simple  response  functions  as 
those  illustrated  by  eq.  2,  and  3. 


A  and  A.  represent  respectively  the  in  phase 
and  quadrature  response  of  the  cavity  +  atoms 
system  to  the  monochromatic  excitation. 


Passive  H  maser  response  to  single-tone 
phase  modulated  signal.  Supposing  a  modulation 
frequency  (to  )  much  higher  than  Y2  and  of  the 
order  of  8,  we  realise  the  conditions  for  an 
absorption  lock  for  the  cavity  resonance  and 
a  dispersion  lock  for  the  H  resonance.  The  cal¬ 
culation  reproduces  the  eq.  (1)  in  which  A  and 
are  now  replaced  by  the  real  and  the  imagina¬ 
ry  part  of  the  total  (cavity  +  atoms)  response, 
i.e.  A  and  A.  given  by  the  eqs  (14,  15)  calcu¬ 
lated  for  the  carrier  frequency.  The  error  sig¬ 
nal  (E)  can  be  written  in  a  more  convenient 
form,  as  : 

E  =  2J  (m)J  (m)r  [a  (to)e(w  )+A.  (to)X(w  )J 

oior  mi 

(16) 

'."he  quantity  e  is  sensitive  to  the  cavity  tuning 
and  X,  on  the  contrary  is  practically  indepen¬ 
dent  of  the  cavity  tuning.  The  first  term 
2xJQ(m)J^(m)A  (w)e(w  )r  constitutes  the  cavity 
error  signal  and  appears  with  a  phase  angle  6  , 
referred  to  cos  w^t,  given  by  :  c 

e2-to  2 

0  =  arctan - 2-  ,  (17) 

c  2gw 

m 

the  term  2x  Jo(m)J^(m)A. (w)X(to  )rQ  is  the  H 
dispersion  error  signal  and  his  phase  angle 
0.,  is  given  by  : 

n 

0H  =  arctan  ~  (18) 

m 

The  phase  difference  beetwen  the  two  phase 
angle  0^  and  0^  is  exactly  90°  for  a  modula¬ 
tion  frequency  to^  given  by  : 

tom  -  (19) 


System  realisation 


Using  two  synchronous  detectors  driven 
in  quadrature  after  the  filter  at  the  single 
modulation  frequency  to  ,  we  can  separate  the 
two  error  signals  for  cavity  and  H  lines.  A 
maximum  independence  o|  the  two  servos  will 
be  obtained  for  *>  yjr-  from  eq.  (19). 

A  single  modulation  frequency  and  phase  dis¬ 
crimination  of  the  error  signals  is, in  our 
opinion, the  best  answer  to  the  passive  H  ma¬ 
ser  problem.  Hus  system  is  illustrated  in 
Fig.  6.  The  H  dispersion  lock  will  maintain 
a  zero  value  for  the  numerator  A. (in  eq.15) 
and  the  carrier  frequency  w  will  lie  given  by: 

“""a  “4  f  ((VW)  5  (20) 


this  equation  represents  the  normal  cavity 
pulling  multiplied  by  the  factor  —  . 


Tlie  parameter  Z  can  be  defined  alterna¬ 
tively  from  the  voltage  gain  (G)  at  the  H 
resonance  frequency  (eventually  displaced  by 
the  cavity  pulling)  : 


G  = 


1 

1-Z 


(21) 


A  typical  value  of  the  gain  at  resonance  is  2, 


which  corresponds  t 


a  cavity  pulling  factor  — 


=  2. 


Experimental  results 


Two  Masers  of  traditional  type  where  converted 
to  passive  operation  using  the  single  modulation 
technique.  These  masers  have  a  full  size  quartz  ca¬ 
vity  operating  on  a  TEgjjmode  and  are  equipped  with 
3  coupling  loops,  two  Tor  transmission  measurements 
and  one  for  cavity  frequency  control  by  a  varactor. 

The  typical  parameters  of  the  two  masers  in  passive 
operation  are  listed  in  table  X. 

TABLE  I 


Passive  masers  typical  parameters 


Ca?’  ♦  ••  Q 

33  000 

Cavity  temp,  coeff. 

=  300  Hz/°C 

Coupling  parameter 
(6) 

0.1  v  0.3 

Output  power 

=5x  10-14W 

H  line-width 

0.7  Hz 

Voltage  gain 

2 

Density  dependent  shift 

<  5  x  10- 13  for  flux 
change  of  50  Z 

Power  shift 

<  5  x  10-13  for  microw. 
power  change  of  3  dB 

Modulation  frequency 

(w  -  ) 

m 

=  12  kHz 

The  H  servo  loop  time  constant  was  typically 
less  than  1  second  and  the  cavity  servo  loop  time 
constant  was  few  seconds.  The  system  used  for  the 
measurements  of  the  frequency  stability  is  shown  in 
Fig.  7  and  the  experimental  results  obtained  are  il¬ 
lustrated  in  Fig.  8.  These  results  are  very  close  to 
the  predictions  based  on  the  measurements  of  the 
spectral  density  of  the  amplitude  fluctuations  (S  ) 
of  the  signal  after  the  envelope  detector. 
Experimentally  we  found  sE  "  2  x  10_7xf°,  which  pro¬ 
duces  an  equivalent  reference  noise  of  approximately 
0  (x)  =  2  x  10-13  x  x”^ .  This  figure  can  be  obtained 
f?om  the  theoretical  slope  of  the  H  dispersion  which 
corresponds  typically  to  an  AM  modulation  index  of 
-  2  x  10  4  for  a  relative  frequency  deturning  of 
1  x  10-13.  Further  work  is  in  progress  for  extending 
the  frequency  stability  measurements  to  longer  avera¬ 
ging  times. 
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The  two  modulation  system  previously  used1 
with  the  intention  of  realising  two  absorp¬ 
tion  locks,  one,  at  the  frequency  to  -8,  for 
the  cavity  and  one,  at  the  frequency ’to  H~Y2, 
for  the  H  line,  suffers  from  the  factra,Hthat 
the  cavity  error  signal  is  greatly  dominated 
by  the  H  signal.  A  calculation  gives,  in  first 
approximation,  for  the  true  cavity  error  signal 

<V: 

Ec=2Jo2(ml)Jo<m2)Jl(n,2)rotAr(w)£(Wm,c)  + 

A. (w)X(w  )]  ,  (22) 

1  m,c  J  ! 

for  the  H  line  error  signal.  (E._)  : 

n 

V“>Wh)J  (23) 
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and  for  the  spurious  signal  (E  ),  on  the  cavity 
error  signal  : 

E  =2J  (m, )J  (m,)J  (m  )JL  (m,)r[c(w  ) 

s  olo211i4  0L  m,c 

£„(to  >  (2/*) 

li  m,H  m,c  H  m,H  1 

where  m^  and  m2  refer  respectively  to  the 
phase  modulation  index  for  cavity  and  H  lines 
interrogation,  e  and  X  are  defined  by  eq.  1 
and  are  calculated  at  ,  eH  and  X[(  are 

equivalent  expressions  for  the  total  res¬ 
ponse  of  the  cavity  +  atoms  evaluated  for  to^  . 
The  spurious  signal  exist  also  for  a  tuned 
carrier  (i.e.  A^  =  0  and  eH  =  0)  and  a  tuned 
cavity  (i.e.  e  »  0) .  It  consists  of  two  strong 
sidebands  adjacent  to  the  cavity  signal. 
Theoretically  the  mean  value  of  the  spurious 
signal  can  be  averaged  to  zero.  However  the 
peak  value  of  this  signal  is  several  order  of 
magnitude  higher  than  the  true  signal  and  the 
process  of  averaging  to  a  zero  value  requires 
equivalent  conditions  on  the  phase  detzetor 
symetry,  which  could  be  unrealistic. 
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Fig.  2.  Representation  of  signals  for  the 
"Absorption  lock". 
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Fig.  3.  Representation  of  the  signal  for  the 
"Dispersion  lock". 
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Fig.  5.  Vector  diagram  allowing  the  calculation 

of  the  error  signal  for  the  "Dispersion  lock' 


Fig.  4.  Vector  diagram  allowing  the  calculation  of 
the  error  signal  for  the  "Absorption  lock". 
The  quantities  are  defined  in  the  text. 
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